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Operational parameters 
 
The empty bed residence time of the waste gas is based on the total reactor volume: 
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The pollutant mass loading rate is the amount of pollutant introduced into the reactor system per 
unit reactor volume and per unit of time: 
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The elimination capacity is the amount of pollutant removed by the reactor system per unit reactor 
volume and per unit of time: 
EBRT
CCEC outin
−=  
 
The removal efficiency is the fraction of the influent waste gas concentration that is removed by 
the reactor, expressed as percentage: 
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Diversity parameters 
 
The diversity of the DGGE (16S rDNA) banding patterns is expressed using the Shannon diversity 
index: 
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The evenness of the DGGE (16S rDNA) banding patterns is expressed using the following 
parameter: 
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For 16S rRNA-based DGGE gels, the notations ASh (diversity) and AE (evenness) are used. 
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INTRODUCTORY CHAPTER 
 
 
ODOUR REMOVAL IN RELATION WITH THE ACTIVITY AND COMPOSITION OF 
THE MICROBIAL COMMUNITIES IN BIOFILTERS AND BIOTRICKLING FILTERS  
 
 
AIM OF THE STUDY 
 
Biological waste gas treatment technologies have been used for several decades to removal 
odorous pollutants and volatile organic compounds from gaseous emissions. Therefore, a large 
amount of knowledge is available about the biodegradability of volatile pollutants in such reactors 
and the conditions for optimal reactor operation. However, the microbial ecology in biological 
waste gas treatment systems is less known. Because microorganisms are the basis of these 
systems, an increased knowledge about the identity and functions of these microorganisms and the 
possibilities to manipulate them, could potentially increase the application area, industrial 
acceptance and general performance of these technologies. The recent development of molecular 
techniques has made it possible to study the microorganisms that were previously “invisible” when 
using culturing techniques. This work is aimed at resolving different problems that occur during 
the removal of odorous compounds from waste gases, with a major focus on the microbial aspects 
of these problems. First, the removal of high concentrations of single compounds (Chapters 2 and 
3) and low concentrations of a mixture of odorous compounds (Chapter 4) are investigated in 
biofilters. For biotrickling filter applications, the research focuses on different aspects of 
inoculation to remove odorous sulfur compounds (Chapters 5, 6 and 7). 
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OVERVIEW OF THE DIFFERENT CHAPTERS 
 
Chapter 1 provides a literature review on odour and its sources, the removal of odour using 
biological waste gas treatment and the microbial ecology of biofilters and biotrickling filters for 
odour control.  
 
In the subsequent two chapters, the dosing of single compounds to different biofilters is described. 
In Chapter 2, isobutanal is dosed at high loading rates to a biofilter. Because operational problems 
occurred under these conditions, most of the research is dedicated to finding the causes of these 
problems. In Chapter 3, the influence of increasing H2S loading rates on the composition and 
stability of the bacterial community composition is determined. Both 16S rDNA- and rRNA-based 
denaturing gradient gel electrophoresis (DGGE) analysis are used, to study the total bacterial 
community and the ammonium oxidizing bacterial community as potential indicators for the 
functioning of the biofilter.  
The research in Chapter 4 describes the use of microcosm tests to assess the spatiotemporal 
evolution of the microbial activities in a biofilter treating low concentrations of pollutants. The 
odorous pollutants were chosen because of their different mass transfer and biodegradation 
properties. 
 
In biotrickling filters, inoculation is a prerequisite for odour removal because of the use of inert 
packing materials. In the next chapters, dimethyl sulfide (DMS) is chosen as a model pollutant, 
because of its relevance towards odour problems. In Chapter 5, two protocols are compared for 
inoculation of biotrickling filters with Hyphomicrobium VS. The DMS removal efficiencies 
following each protocol are related with microbial parameters obtained from DGGE analyses and 
Hyphomicrobium-specific plate counts. The reactor exhibiting the highest DMS elimination 
capacity is subsequently used in a long-term two-stage biotrickling filter experiment (Chapter 6) 
for simultaneous removal of H2S and DMS. The influence of varying operational conditions on 
both the removal efficiencies of the two compounds and the microbial community composition is 
investigated. Besides the inoculation method, the type of inoculum can also influence the DMS 
removal efficiency and the microbial stability in a biotrickling filter. Therefore, 3 different reactors 
are set up, each containing a different inoculum (Chapter 7) in order to select an optimal 
inoculum for DMS removal under varying operational conditions. Because quantification of the 
inoculated strains in the biofilm is not possible with DGGE, a real-time PCR protocol is developed 
for detection of Thiobacillus thioparus and Hyphomicrobium VS. The relations between the 
2 
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abundance of the inoculated DMS degrading strains, the reactor operating parameters and the 
DMS removal efficiencies are determined. 
 
Chapter 8 provides a general discussion of the results obtained in the framework of the research 
objectives. Conclusions were drawn and perspectives for future research are proposed. 
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LITERATURE REVIEW: MICROBIAL ECOLOGY IN 
BIOFILTERS AND BIOTRICKLING FILTERS FOR ODOUR 
CONTROL 
 
 
CHAPTER 1 
 
 
LITERATURE REVIEW: MICROBIAL ECOLOGY IN BIOFILTERS AND 
BIOTRICKLING FILTERS FOR ODOUR CONTROL1
 
1.1. ODOUR NUISANCE 
 
1.1.1. Introduction 
 
Odour nuisance can be defined as the cumulative result of a repeated disturbance by odour, 
causing a changed behaviour. This behaviour can manifest itself actively (e.g. complaining, 
staying indoors) or passively (decreased level of well-being). The words “cumulative” and 
“repeated” indicate that odour nuisance is not necessarily an acute problem, but it is the hindrance 
that occurs after repeated or prolonged exposure to odorous compounds in the air. Odour 
perception is subjective and can be influenced by a number of factors, such as: 
• The odour characteristics: odour concentration, hedonic tone, intensity and odour 
threshold value of the mixture or compound 
• The variability of the odour concentration in time, the frequency and the extent of odour 
exposure/perception 
• Social-psychological and contextual factors like age, sex, educational level, time, 
emission history, involvement with the odour source, etc. 
In Table 1.1 examples of odour threshold values and odour descriptions are shown for some 
compounds, relevant for this study. According to the CEN (Comité Européen de Normalisation), 
the odour threshold is defined as the concentration of a gaseous substance, expressed in µg m-3 or 
ppmv, which will be discerned from reference (odourless) air by at least half of an odour panel. 
                                                 
1 Redrafted after Sercu B, Peixoto J, Demeestere K, Van Elst T, Van Langenhove H. Odours 
treatment: biological technologies. In: Nicolay, X, editor. Odours and odours treatment in the food 
industry. Heidelberg: Springer (In Press) 
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The odour threshold per definition has an odour concentration of 1 European Odour Unit per cubic 
meter (ouE m-3) (CEN 1995). Generally, odour nuisance is a problem that affects the immediate 
surroundings of the odour source, to a maximum of about 10 km from the source. 
 
Table 1.1. Odour description and odour threshold values of some odorous compounds. 
Compound Odour description Odour threshold 
value (ppmv) 
Reference 
H2S Rotten eggs 0.0005 – 0.0047 Busca and Pistarino 2003; Hunter and Oyama 
2000 
Dimethyl 
sulfide 
Decayed cabbage 0.001 – 0.003 Busca and Pistarino 2003; Hesketh and Cross 
1989; Hunter and Oyama 2000 
Isobutanal Sweet fruity 0.336  Hesketh and Cross 1989 
Isobutanol Sweet musty 2.05  Hesketh and Cross 1989 
Isobutyric 
acid 
Rancid butter – 
sour cheese 
8.1 Fazzalari 1978 
d-Limonene Citrus fruit 0.01 Fazzalari 1978 
 
1.1.2. Sources of odour 
 
In Flanders, two surveys (“Schriftelijk Leefomgevingsonderzoek”) were conducted, one in 2001 
(SLO0) (AMINAL 2001) and one in 2004 (SLO1) (AMINAL 2004), to gather information about 
environmental issues and problems, including odour nuisance. The SLO0 was used as reference 
point. In 2001, 19% of the people in Flanders declared to be moderately to extremely annoyed by 
odour, while in 2004, this number decreased to 15%. Table 1.2 shows the most important odour 
sources together with the most prevailing specific odour causing activities, as indicated by the 
category moderately to extremely annoyed people. Literature data can provide more insights in the 
odorous compounds that are emitted by these various industrial activities.  
Traffic and transport generally emit nitrogen oxides and hydrocarbons (including partially 
oxidized hydrocarbons) as odorous compounds (Hesketh and Cross 1989). Especially diesel 
engines can emit odorous compounds when there is a lack of air, such as ammonia, phenols, 
organic amines, sulfur dioxide and hydrocarbons (aldehydes, ketones, alkanes, alkenes, alkines 
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and aromatics) (Baumbach 1996). The increasing use of three-way catalysts on cars has also led to 
increasing emissions of ammonia from vehicle exhausts (Cape et al. 2004).  
 
Table 1.2. Most important odour sources and specific odour causing activities according to 
the SLO1 (AMINAL 2004). 
Source Percentage (%) Relevant activities 
Traffic and transport 12.5 - 
Neighbours 10.9 Chimney exhaust, burning of waste 
Small and middle-sized 
companies (KMOs) and 
industry 
6.9 Chemical/petrochemical industry, 
composting, rendering, animal processing  
Agriculture and horticulture 6.0 Spreading manure 
Water and water purification 5.2 Water streams and sewages 
Trading, service, recreation and 
tourism  
1.3 - 
 
The odours originating from the chemical and petroleum industries often result from complex 
mixtures of compounds, mainly constituting of sulfur dioxide, hydrogen sulfide, ammonia, 
hydrocarbons, organic acids, aldehydes and mercaptans (Habib 1975; Hesketh and Cross 1989). 
Some industries emit characteristic odours, e.g. carbon disulfide and hydrogen sulfide from 
viscose rayon production, hydrogen sulfide and sulfur dioxide from oil refineries and methyl 
methacrylate, acrolein, allyl sulfide, hydrogen sulfide, N-butyl mercaptan and aldehydes from the 
lacquering and enamelling industry. In the rubber industry, most odours fit into the following 
groups: nitrogen-containing compounds (amines and oxides), sulfur oxides, plasticizers, solvents 
and partially oxidized hydrocarbons (aldehydes, ketones, phenol, alcohols, etc.) (Polhemus 1975). 
During the composting of organic wastes, especially sulfur- and nitrogen-containing volatile 
compounds are known to cause odour nuisance, because of their low odour threshold values 
(Derikx et al. 1990). During the production of mushroom substrate, Derikx et al. (1990) identified 
the most important emissions of volatile sulfur compounds to be hydrogen sulfide, carbonyl 
sulfide, methyl mercaptan (MM), carbon disulfide, dimethyl sulfide (DMS), dimethyl disulfide 
(DMDS) and dimethyl trisulfide in concentrations ranging from 0.024 to 0.84 ppmv. Van Durme 
et al. (1992) identified DMDS, DMS, limonene and alpha-pinene as the most significant odorous 
  7 
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volatile organic compounds (VOCs) emitted during composting of wastewater sludge. Pierucci et 
al. (2005) did not find sulfur-containing compounds during composting of municipal solid waste, 
but mainly terpenes, monocyclic arenes, alkanes, halogenated compounds and esters. The odour 
emitted during the process was strongly correlated with the total terpene concentration. In the 
gaseous effluent of rendering plants (the non-condensables), Karstner and Das (2003) found 
DMDS, MM, octane, hexanal, 2-methylbutanal and 3-methylbutanal. The two branched aldehydes 
were typically the largest fraction of the VOC mixture, with concentrations up to 7.4 ppmv. The 
total VOC concentrations ranged from 4 to 91 ppmv. Other authors also identified higher 
molecular weight hydrocarbons and aldehydes next to volatile fatty acids (Barnes and Macleod 
1982; Van Langenhove et al. 1982).  
Odours originating from manure are due to a complex mixture of volatile compounds arising from 
anaerobic degradation of plant fibre and protein. From the approximately 170 volatile compounds 
identified from livestock slurry, the most important odorous components appear to be volatile fatty 
acids (VFAs), p-cresol, indole, skatole, hydrogen sulfide and NH3, by virtue of either their high 
concentrations or their low odour thresholds (McCrory and Hobbs 2001). McGinn et al. (2003) 
measured ammonia and VFA concentrations (C2 to C5 organic acids) exceeding their odour 
threshold values adjacent to feedlots and lands where manure was spread. For example, VFA 
concentrations were between 0.33 and 46 ppbv, depending on feedlot capacity and type of VFA. 
Positive correlations have been observed between ammonia and total reduced sulfur emissions 
from animal housings (Gay et al. 2003; McGinn et al. 2003), however, this does not imply that 
these compounds really cause the odour (McGinn et al. 2003). It has been suggested that aerosol 
particles amplify odours by concentrating odorous compounds and by deposition on the olfactory 
mucosa, suggesting a link between dust and odours (Bottcher 2001).  
Odours in wastewater collection and treatment systems mainly arise from the anaerobic 
biodegradation of sewage. Next to wastewater collection and treatment, other sources of these 
odours include dewatering, solids handling and further processing, such as alkaline stabilization or 
composting. The main odour causing compounds are sulfur compounds, although nitrogen-based 
odorous compounds (amines, indole, skatole) can also be formed (Burgess et al. 2001; Easter et al. 
2005; Hesketh and Cross 1989). Hvitved-Jacobsen and Volertsen (2001) indicated 3 classes of 
odorous compounds in sewer air: (1) hydrocarbons and chlorinated hydrocarbons (10 – 500 
ppmv), (2) hydrogen sulfide (0.2 – 10 ppmv) and (3) odorous gases and vapours like sulfides, 
amines and aldehydes (10 – 100 ppbv). The first class is probably a result of inputs to the system 
while the other classes were interpreted as a result of anaerobic processes. 
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1.2. BIOLOGICAL WASTE GAS TREATMENT TECHNOLOGIES 
 
1.2.1. Introduction 
 
Odours can be removed from waste gases by physical-chemical techniques, biological techniques, 
or a combination of these. The most frequently used physical-chemical methods are adsorption, 
scrubbing, condensation and combustion (Kennes and Thalasso 1998). Other technologies 
described include masking and ozonation (Burgess et al. 2001; Hesketh and Cross 1989; Smet et 
al. 1998). Physical-chemical waste gas cleaning technologies have demonstrated their efficiency 
and reliability and will continue to occupy their niche, but some disadvantages remain. First of all, 
they normally require higher investment and operation costs, compared with biological methods, 
especially with biofiltration (Delhomenie and Heitz 2005; Deshusses 1997; Kennes and Thalasso 
1998; Smet et al. 1998; van Groenestijn and Hesselink 1993). Table 1.3 presents estimated costs 
for different air pollution control technologies. The costs depend on the characteristics of the waste 
gas stream, therefore rather wide cost ranges are presented. In general, biological waste gas 
treatment technologies are among the cheapest technologies for a given waste gas stream, mainly 
competing with absorption and adsorption. 
Gabriel and Deshusses (2003b) calculated the costs for converting a chemical scrubber for H2S 
treatment to a biotrickling filter, at a wastewater treatment plant in Orange County, California. The 
total odour treatment costs were on average USD 950,000 per year per scrubber. Using a 
biotrickling filter saved about USD 30,000 worth of chemicals and electricity per year, while the 
same removal efficiency and gas flow rate (16,300 m3 h-1) was maintained. The estimated cost for 
converting the chemical scrubber to a biotrickling filter was USD 40,000-60,000 which compared 
well with the annual savings in operating costs. 
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Table 1.3. Comparison of investment and operation costs for the main air pollution control 
technologies. Results of independent studies are represented on separate lines. 
Technology Investment costs 
[EUR (m-3 h-1) air] 
Operating costs 
[EUR (m-3 h-1) air] 
1. Adsorption 13-103a 
7-28b 
12.7-98.5b, c
9-30a
 
2. Thermal oxidation 9-385a 
16.5-19.5b 
17-105b
17-128a 
 
3. Catalytic oxidation 
      - Fixed catalyst 
      - Fluidized catalyst 
 
17-214a 
30-188a
 
9-64a 
13-77a
4. Absorption 13-60a 
11.2-14b 
12.7-57.7b 
7-140b
21-103a 
 
5. Condensation 9-68a 17-103a
6. Biotechnologies (all technologies) 
7. Biofiltration 
9-60a 
4.2-13.9b
5-150b
5.9-13.7b
3-9a 
 
a Delhomenie and Heitz (2005), 1 USD = 0.854774 EUR (02/12/06) 
b Kennes and Veiga (2001) 
c For 50 000 m3 h-1 capacity 
 
Technologies such as adsorption and scrubbing generally transfer pollutants to another phase. In 
that case, a secondary treatment is required to destroy the pollutants, except when valuable volatile 
compounds need to be recovered. With combustion techniques, the main disadvantages are the 
production of toxic byproducts (mainly with thermal oxidation), and the poisoning of the catalysts 
by the presence of sulfur compounds (with catalytic oxidation) (Busca and Pistarino 2003; Smet et 
al. 1998). Possible drawbacks of biological systems include restricted knowledge about the 
biodegradation processes, limited process control and relatively slow reaction kinetics. Biological 
methods for the removal of odours and volatile organic compounds (VOCs) from waste gases are 
generally regarded as cost-effective technologies, when low concentrations (below 1 - 10 g m-3) 
are to be dealt with (Kosteltz et al. 1996). For efficient pollutant removal, target pollutants have to 
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be sufficiently biodegradable and bioavailable. A major advantage in the case of odour treatment is 
that biocatalysts have high affinity for the substrates, which allows efficient treatment of low 
influent concentrations. Biocatalysts also operate at room temperature and they produce innocuous 
final products (e.g. carbon dioxide and water).  
 
1.2.2. Most common technologies 
 
Several biological waste gas treatment reactor concepts exist. They can be distinguished according 
to their filter material (organic or inorganic) and the type of liquid flow (non-continuous or 
continuous). Both characteristics influence mass transfer and the type of biofilm that will develop. 
An overview of the characteristics of the different reactor types are given in Figure 1.1. In most 
cases, pollutants are first transferred from the gas phase to the liquid phase and subsequently to the 
biofilm (Burgess et al. 2001). It has been argued, however, that pollutants can directly be 
transferred from the gas phase to the biofilm when no water film is present, or that fungal mycelia, 
protruding in the gas phase, can directly take up substrates without a dissolution step (Engesser 
and Plaggemeier 2000). 
 
  LIQUID PHASE   
  Circulating Stationary   
MICROBIOTA Dispersed Bioscrubber  Spray/shower COLUMN 
 Attached Biotrickling filter Biofilter Packing TYPE 
  Supplied with water 
Part of the 
packing media  
 
  MINERAL NUTRIENTS   
Figure 1.1. Four entry characterization of biological systems for air pollution control. 
 
Bioscrubbers consist of two reactors. Firstly, the pollutants are transferred from the gas to the 
liquid phase in a scrubber and afterwards the absorbed pollutants are oxidized by the 
microorganisms present in an activated sludge reactor (Figure 1.2a). The effluent leaving the 
bioreactor is recirculated to the absorption column. This technology allows for good gas cleaning 
when the gaseous compounds are highly water soluble, i.e. when the dimensionless Henry’s Law 
coefficient (H) is smaller then 0.01 (Burgess et al. 2001; Kennes and Thalasso 1998). The main 
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advantages of bioscrubbers compared with other biological gas treatment systems are the easy 
reactor control and the possibility to remove reaction products, making high elimination capacities 
(ECs) possible. The major disadvantage is the production of waste sludge. It has been proposed to 
combine the absorption and biodegradation reactors in one reactor in the so-called airlift 
bioscrubbers (Edwards and Nirmalakhandan 1999; Lo and Hwang 2004; Ritchie and Hill 1995). 
Two concentric tubes can be used, the one with the smallest diameter also being shorter. In the 
outer section, the inlet gas is sparged, causing the air-liquid phase to rise, after which the heavier 
liquid phase flows downwards in the middle section while the purified gas exits at the top of the 
reactor. Airlift bioscrubbers provide improved mixing and higher mass transfer coefficients than 
bubble column reactors (Edwards and Nirmalakhandan 1999). Other authors added a third solid 
phase (activated carbon with immobilized organisms) to the reactor system to retain the 
microorganisms in the system, when removing high loads of ethanol and ethyl acetate (ECmax of 
685 g m-3 h-1 and 504 g m-3 h-1, respectively) (Wen et al. 2005). Also sparging of odorous air into 
activated sludge wastewater treatment systems has been investigated. According to Ostojic et al. 
(1992) municipal sludge composting odours are removed very efficiently in activated sludge 
installations. Burgess et al. (2001) mentioned, however, that insufficient information is available 
for precise process design and optimization, although numerous positive reports are available form 
full-scale applications. 
 
 
 
 
Figure 1.2. Process schemes of a. bioscrubbing, b. biotrickling filtration and c. biofiltration 
(Herrygers et al. 2000). 
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Biotrickling filters are single unit operation reactors, in which gaseous pollutants are degraded in 
a biofilm grown on an inert packing material (Figure 1.2b). The packing material can be ceramic 
or plastic structures, activated carbon, celite, or mixtures of materials (Burgess et al. 2001). 
Nutrients are supplied by a liquid flow that trickles down the packing, continuously or 
periodically. Fresh medium can be mixed with the circulating liquid to allow metabolites to be 
removed by the drain. The advantages of biotrickling filters are similar as with bioscrubbers, but in 
addition, also compounds having a H up to 0.1 can be removed efficiently (Kennes and Thalasso 
1998). The major disadvantage is the possibility of excessive biomass development on the 
packing, leading to high pressure drops and clogging of the system. 
Biofilters are the oldest and in principle the simplest biological waste gas cleaning technologies. 
They usually exist of an organic filter bed (e.g. compost, wood bark, soil, peat or a mixture of 
materials) containing nutrients and the active biomass (Kennes and Thalasso 1998). The 
humidified waste gases are sent through the filterbed, where the pollutants are degraded by the 
active biomass. Sometimes additional pretreatment steps like removal of particulates or 
temperature adjustment are applied. A scheme of the process is shown in Figure 1.2c. The main 
advantages of this bioreactor system are its low costs and its ability to efficiently treat relatively 
hydrophobic pollutants (having a H < 10). Because there is no free-flowing liquid phase, the 
biggest disadvantage of biofiltration is the difficulty to control reactor conditions. Also, a large 
footprint is generally needed, since the packed bed height is usually limited to 1 – 1.5 m.     
 
1.2.3. Alternative biological technologies 
 
Next to the conventional reactor designs, other types of biological waste gas cleaning technologies 
have been proposed.   
In the membrane bioreactor concept, one side of the membranes is dry and acts as a surface for 
uptake of pollutants from the air flowing along the membranes, while the other side is kept wet 
and covered by a biofilm. In Figure 1.3, a flat membrane bioreactor with a composite membrane is 
shown, but also other configurations like hollow fibre membranes modules can be applied. 
Pollutants diffuse through the membrane and are subsequently degraded by the microorganisms in 
the biofilm or in the recirculating aqueous phase. By continuous recirculation of the aqueous 
phase, the microbial degradation process can be easily controlled. The main advantages of 
membrane bioreactors for waste gas treatment include the high specific surface area, the ability to 
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prevent clogging, the good reactor control, the physical separation of gas and biofilm, the low 
pressure drop, the absence of channelling and the independent control of gas and liquid phase 
(Ergas 2001; Parvatiyar et al. 1996a; Parvatiyar et al. 1996b; Reij et al. 1995; Reij et al. 1998). 
Potential disadvantages are the high investment costs, the additional mass transfer resistance 
caused by the membrane, a decreased biofilm activity as the biofilm ages and clumping of hollow 
fibre membranes at high biofilm growth. The reactor concept, although not implemented in 
practice yet, has potential to eliminate VOCs characterized by poor water solubility, by lack of 
biodegradability and by toxicity (Reij et al. 1998). Recently a flat membrane reactor was 
developed and applied for the degradation of DMS and toluene as single compounds (De Bo et al. 
2003; De Bo et al. 2002). In this case a composite membrane was used, guaranteeing a stable long-
term reactor performance because clogging of the porous membrane was prevented. For DMS, an 
ECmax of 200 g m-3 h-1 was obtained, which was higher than any reported figure for biofilters or 
biotrickling filters. 
 
Figure 1.3. Scheme of a flat membrane bioreactor for waste gas treatment. 
 
Vinage and von Rohr (2003a) designed a modified rotating biological contactor to removal 
toluene from waste air. Since previous research indicated that conventional rotating biological 
contactors for waste gas treatment had a lower performance than biotrickling filters, due to the 
limited contact between gas and liquid (von Rohr and Rüdiger 2001), the modified RBC was 
designed to explicitly address the optimization of gas-liquid mass transfer rates through intimate 
gas-liquid contact. Therefore, the waste gas was introduced to the reactor through a hollow shaft, 
ensuring a uniform gas supply along the discs, placed on the shaft. Depending on the gas residence 
time (15 – 104 s), the ECmax was 40 – 62 g toluene m-3 h-1, which is at least the same as reported 
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for biotrickling filters (Vinage and von Rohr 2003b). The main advantages of the proposed design 
were control of excessive biofilm growth ensuring stationary long-term performance, low 
maintenance requirements and accurate control of process parameters. 
Recently, Kan and Deshusses (2003) developed a foamed emulsion bioreactor (FEBR). This 
design combines the addition of an organic solvent to improve mass transfer of hydrophobic 
compounds with the construction of a biologically active foam to increase gas/liquid interfacial 
area. Bed clogging and associated pressure problems are avoided by using a moving foam rather 
than an immobilized culture growing on a support. The bioreactor consisted of the actual foam 
column, a cell reservoir and a defoamer. At the bottom of the reactor, the inlet air was supplied 
through a fine gas sparger, together with an emulsion consisting of mineral medium, the active 
culture, the organic phase (oleyl alcohol) and the surfactant. After rising through the reactor, the 
foam leaving through a side port was defoamed by continuously spraying the foam with the 
emulsion from the cell reservoir. A high-density culture of actively growing organisms was used, 
to attain high volumetric pollutant removal rates. The experimental results showed that the FEBR 
greatly surpassed the performance of existing gas-phase bioreactors. A EC for toluene as high as 
285 g m-3 h-1 was obtained, with a removal efficiency of 95% at 15 s EBRT and 1 – 1.3 g m-3 
toluene inlet concentration. At a toluene concentration > 0.7 – 1.0 g m-3 oxygen limited the reactor 
performance. The main challenges that were indicated in this study were to solve foam stability 
issues at high air velocity and to find means to supply enough oxygen to the culture, especially in 
the case of the treatment of hydrophilic compounds. 
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1.3. REMOVAL OF COMMON ODOURS WITH BIOLOGICAL TECHNOLOGIES 
 
Most of the work has been done about removal of ammonia, reduced sulfur compounds (either 
single or as a mixture) and odorous VOCs, especially with biofiltration. It can be assumed that 
when bioreactors can operate with high odour removal efficiency, most odorous compounds in the 
gas mixture are sufficiently degraded. The removal of ammonia as a single compound was not 
addressed in this overview, because it was not included in the experimental part. 
 
1.3.1. Removal of hydrogen sulfide 
 
H2S biofiltration has been studied extensively, because it is one of the most frequently produced 
odorous compounds in industrial processes like petroleum refining, rendering, wastewater 
treatment, food processing and paper and pulp manufacturing (Yang and Allen 1994a). It is often 
assumed that bacteria responsible for H2S degradation in biofilters belong to the genera 
Thiobacillus (e.g. T. thioparus) and Acidithiobacillus (e.g. A. thiooxidans) and can be either 
neutrophilic or acidophilic. Under optimal conditions, H2S is oxidized to sulfuric acid, but during 
stress conditions (high loads, oxygen limitation) accumulation of elemental sulfur has been 
observed. The accumulation of different sulfur-containing intermediates during H2S biofiltration is 
illustrated in Figure 1.4.  
 
Figure 1.4. Evolution of oxidized sulfur products during the biofiltration of H2S in a biofilter. 
Amounts are expressed as percentage of the total removed H2S (Degorce-Dumas et al. 1997). 
 
Because H2S is very well biodegradable, most investigations report very efficient H2S removal in a 
wide concentration range. Yang and Allen 1994a for instance observed higher than 99.9% removal 
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efficiencies for H2S inlet concentrations ranging from 5 ppmv to 2650 ppmv. However, because 
sulfuric acid is produced, acidification of the filter material will inevitably occur during the 
biofiltration process, its rate depending on the buffer capacity of the filter bed and the amount of 
H2S removed. Degorce-Dumas et al. (1997) found that buffering the packing to a near neutral pH 
doubled the length of the period during which more than 95% H2S removal efficiency was 
obtained. When the pH decreased below 6.6, the H2S removal efficiency started to decrease. Other 
authors, however, observed a smaller effect of acidic pH values on the H2S removal efficiency. 
Yang and Allen (1994a) for instance found almost equal H2S removal efficiencies at pH values 
between 3.2 and 8.8. Only at pH = 1.6, the removal efficiency decreased to 15%. Also other 
studies did not report decreased H2S removal efficiencies at pH values as low as 3 (Cook et al. 
1999; Wada et al. 1986) or even 1.2 (Yang et al. 1994). During biofiltration, the pH will first 
decrease at the inlet side of the biofilter, where most of the H2S is oxidized and the low pH front 
will consequently move to the outlet side of the biofilter (Cook et al. 1999). In general, it should 
be sufficient to maintain a pH value higher than 3 for efficient H2S removal. However, it could be 
useful to maintain neutral pH values to prevent inhibition of the removal of other compounds 
present in the waste gas, corrosion and increased filter medium degradation. To increase the pH of 
the biofilter material, washing can be applied (Yang and Allen 1994b), although only small pH 
increases are usually obtained. Smet et al. (1996b) observed that regeneration of an acidified 
biofilter (pH = 4.7) was not possible by trickling tap water or buffer solution over the bioreactor, 
because most of the sulfate was leached as the corresponding sulfate salts and not as sulfuric acid. 
In addition, leaching caused washout of essential microbial elements. Alternatively, the use of 
more concentrated buffer solutions in combination with a complete mineral medium or mixing 
with limestone powder was recommended.  
Next to acidification, the accumulation of elemental sulfur and sulfate in the filter material can 
potentially inhibit microbial activity. Yang and Allen (1994b) found the highest concentrations of 
both compounds at the inlet side of the biofilter. Elemental sulfur was present because it was 
formed as an intermediate during incomplete H2S oxidation after exposure to high H2S 
concentrations. By adding increasing amounts of sulfate to different biofilters, Yang and Allen 
(1994a) observed that concentrations exceeding 25 mg SO42--S g–1 compost were inhibitory for 
H2S removal. This inhibition effect was, however, not confirmed by Jones et al. (2005), for sulfate 
concentrations up to 100 mg g–1. These authors regarded sulfur precipitation as the main cause for 
biofilter deactivation. 
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Because H2S is very well biodegradable, empty bed residence times (EBRTs) can be rather low, 
e.g. 15 s (Yang and Allen 1994a) without affecting the H2S removal efficiency. Possibly other, 
less biodegradable or water soluble compounds present in the waste gas will determine the lower 
limit of the EBRT. Next to organic materials like compost, peat or wood bark, different alternative 
carrier materials were described for H2S biofiltration, being rockwool, fuyolite and ceramics (Kim 
et al. 1998), a pelletized mixture of pig manure and sawdust (Elias et al. 2000), pellets of 
agricultural residues (Elias et al. 2000), porous lava inoculated with Thiobacillus thiooxidans (Cho 
et al. 2000) and microorganisms immobilized in Ca-alginate (Chung et al. 1998; Chung et al. 
1996a; Chung et al. 1996b; Chung et al. 1997; Huang et al. 1996; Park et al. 2002).  
 
Recent articles describe H2S removal with biotrickling filters. Their main advantage is optimal 
control of pH, nutrients and accumulation products, although treatment and investment costs are 
higher. At an EBRT between 60 s and 130 s, high H2S elimination capacities (45 g m-3 h-1) could 
easily be obtained, with removal efficiencies exceeding 95% (Ruokojarvi et al. 2001). At lower 
influent loading rates, lower EBRT can be used, maintaining high removal efficiencies. Gabriel 
and Deshusses (2003) described the retrofitting of existing chemical scrubbers for H2S removal to 
biotrickling filters, at EBRTs between 1.6 s and 2.2 s. Removal efficiencies > 98% were 
commonly reached for 30 ppmv inlet concentrations, with decreases to 90% at 60 ppmv peak 
concentrations. The removal of volatile organic sulfur compounds in the same reactor was lower, 
however, e.g. 35% ± 5% for carbon disulfide. The authors attributed the residual odour after the 
biotrickling filter mainly to the persistence of these compounds. Also Wu et al. (2001) obtained > 
95% H2S removal efficiency at EBRT = 5 s, at < 6 ppmv influent concentrations in a pilot-scale 
biotrickling filter. At 20 ppmv influent concentration the removal efficiency decreased to about 
89%.  
 
1.3.2. Simultaneous removal of ammonia and hydrogen sulfide 
 
A number of studies have been performed regarding the simultaneous removal of H2S and NH3, 
because both can constitute an important part of odorous gas mixtures. Similarly as with the 
removal of the separate compounds, high removal efficiencies can be obtained during 
simultaneous dosing of both compounds, at concentration levels usually occurring in odorous 
mixtures (0.5 - 50 ppmv). At higher H2S and NH3 concentrations, inhibition of the NH3 removal 
can occur. Kim et al. (2002) for instance obtained higher than 99% and 92% removal efficiencies 
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for H2S and NH3, respectively, in a wood chips biofilter, at influent concentrations of about 50 
ppmv (EBRT = 60 s). At concentrations exceeding 200 ppmv, however, H2S inhibited the NH3 
removal, which decreased to 30%, but this effect was reversible when the H2S concentration 
decreased again. By using a granulated activated carbon biofilter, the inhibition during H2S peak 
loadings decreased due to buffering effects. An important aspect of simultaneous H2S and NH3 
biofiltration is that the extent of the pH decrease, caused by production of sulfuric and nitric acids, 
can be lower because the accumulation of acidic products is low due to (NH4)2SO4 formation. At 
NH3 concentrations equal or higher than H2S (on volumetric basis), Chung et al. (2000) for 
instance observed no acidification. A number of researchers used microorganisms immobilized in 
Ca-alginate to remove mixtures of H2S and NH3, although the performance of these reactors was 
somewhat lower than with the more traditional biofilters (Chung et al. 2001a; Chung et al. 2001b; 
Chung et al. 2000). Possible advantages, however, are increased possibilities for pH control and 
removal of metabolic products (elemental sulfur and (NH4)2SO4), as is also the case with 
biotrickling filters.  
 
1.3.3. Removal of volatile organic sulfur compounds 
 
Volatile organic sulfur compounds (VOSCs) include compounds like DMS, DMDS, mercaptans 
and carbon disulfide. These compounds have been related to odour complaints in some studies. A 
direct correlation could even be established between the total odour concentration and the 
concentration of VOSCs in waste gases of rendering plants (Defoer et al. 2002). Van Langenhove 
et al. (1992) compared a full-scale biotrickling filter and a biofilter for treating rendering 
emissions. Both techniques removed alkanals very efficiently, but organic sulfur compounds were 
much less efficiently removed. This was attributed to an insufficient development of 
microorganisms capable of degrading these compounds. Goodwin et al. (2000) also observed 
problems removing reduced sulfur compounds with a biofilter at a biosolids composting facility. 
Increasing the EBRT from 20 s to 32 s improved the removal efficiency somewhat. In contrast, 
VOCs like methane, formaldehyde, isopentanal, N,N-dimethyl methenamine and dimethylamine 
were removed for more than 95% in all cases at average inlet concentrations of 15 ppmv.  
Different reasons can explain the relation of VOSCs and odour nuisance. First of all, VOSCs 
combine a very bad smell with very low odour threshold values, for instance 0.1 ppbv to 3.6 ppbv 
for DMDS and 0.9 ppbv to 8.5 ppbv for MM (Smet et al. 1998). This means that, to prevent odour 
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nuisance, only very low concentrations can persist in the treated gas stream. Secondly, compared 
with H2S, VOSCs are less biodegradable. Degradation rates decrease in the order H2S > MM > 
DMDS > DMS (Cho et al. 1991; Smet et al. 1998). Therefore, it is recommended to inoculate 
biofilters to shorten the start-up period and to remove high concentrations of these compounds. 
Smet et al. (1996a) for instance increased the maximal DMS elimination capacity from 0.42 g m–3 
h–1 to 28 g m–3 h–1 after inoculation of a compost biofilter with Hyphomicrobium MS3. Also other 
authors used inocula (e.g. Hyphomicrobium spp., Thiobacillus spp.) to remove VOSCs in biofilters 
(Cho et al. 1991; Park et al. 1993; Zhang et al. 1991a). However, in full-scale applications, the use 
of inoculation is not well documented. Smet (1995) reported successful removal of organic sulfur 
compounds in a full-scale biofilter treating emissions from mushroom composting, after 
inoculation with a specialized microbial strain. Fifty days after inoculation, the total sulfur removal 
efficiency (excluding H2S-S) in the inoculated biofilter section had increased to 99% compared 
with 68% in the non-inoculated section. But even when inoculation is used, in a mixture of 
reduced sulfur compounds, H2S is preferentially degraded over dimethyl sulfide or other organic 
sulfur compounds (Cho et al. 1992b; Wani et al. 1999; Zhang et al. 1991a). This occurs because 
H2S oxidation yields most energy for the microorganisms (Smet et al. 1998). Because of this, the 
bioreactor has to be designed large enough, to allow H2S degradation at the inlet side of the 
biofilter and degradation of the remaining VOSCs deeper in the biofilter bed. In Figure 1.5, the 
metabolic degradation pathway of different organic sulfur compounds is shown for 
Hyphomicrobium and Thiobacillus species (according to Kelly (1990)), together with the Gibbs 
energy of formation (Gf) for each compound (Yaws 1999). The pathway shows the intermediate 
formation of H2S, and the large amount of energy that can be acquired by H2S oxidation.  
Finally, when a biofilter is designed properly to remove VOSCs, there is still a change of long-
term decrease in removal efficiency because of acidification. Similarly as for H2S, sulfuric acid is 
formed after complete oxidation of VOSCs. Microorganisms degrading the VOSCs are, however, 
much more sensitive to low pH values than H2S oxidizing bacteria. Smet et al. (1996b) for 
instance observed a decreased DMS elimination capacity when the matrix pH decreased below 5. 
To prevent problems due to acidification, the bioreactor has to be designed large enough and for 
high influents loadings, pH control should be included. Alternatively, two-stage systems have been 
proposed, first removing H2S and subsequently VOSCs (Kasakura and Tatsukawa 1995; Park et al. 
1993; Ruokojarvi et al. 2001). Ruokojarvi et al. (2001) developed a two-stage biotrickling filter for 
sequential removal of H2S, MM and DMS. Two bioreactors connected in series were inoculated 
with enriched activated sludge, the first operating at low pH for H2S removal and the second at 
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neutral pH for DMS removal. MM was removed in both reactors. H2S, DMS and MM elimination 
capacities (as S) as high as 47.9 g m–3 h–1, 36.6 g m–3 h–1 and 2.8 g m–3 h–1, respectively, were 
obtained for the whole two-stage biotrickling filter at > 99 % removal efficiencies and the reactor 
showed a good long-term stability. 
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Figure 1.5. Biodegradation pathway of DMSO, DMS and DMDS in Thiobacillus and 
Hyphomicrobium species. Gf values (kJ mol-1) for substrates and intermediates are indicated 
between brackets (at 1 atm and 298K). 
 
1.3.4. Removal of odorous VOCs 
 
Generally, odorous VOCs are well biodegradable in biofilters (Goodwin et al. 2000; Van 
Langenhove et al. 1992; Van Langenhove et al. 1989b). In most cases these compounds are not the 
cause of odour problems when biofilter malfunctioning occurs and therefore, literature data about 
the removal of low concentrations of these compounds is less available than for e.g. ammonia and 
hydrogen sulfide.   
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The removal of aldehydes, alcohols and fatty acids is generally very good in biofilters (Kiared et 
al. 1997; Mohseni and Allen 2000; Otten et al. 2004; Sheridan et al. 2003; Weckhuysen et al. 
1993). For methanol it was for instance found that concentration step changes and periods without 
methanol loading did not affect its removal efficiency in biofilters (Mohseni and Allen 1999), 
which was attributed to the good biodegradability and high water solubility of methanol. In some 
studies it was shown that nutrient addition could enhance VOC elimination capacities during 
longer periods, e.g. in the case of butanal (Weckhuysen et al. 1993) or butyric acid (Sheridan et al. 
2003). It has been observed that in the case of aldehydes, the corresponding organic acids can 
accumulate during biofiltration, especially at higher influent concentrations (Weckhuysen et al. 
1993). This can lead to a pH decrease, potentially limiting the removal efficiencies of other 
compounds in the waste gas. Not only biofilters, but also biotrickling filters have been used to 
remove odorous VOCs. High removal efficiencies have been obtained using the latter reactors for 
aldehydes, alcohols and volatile fatty acids (Chang and Lu 2003; Chua et al. 2000; Ibrahim et al. 
2001; Kirchner et al. 1991), even at low EBRT. Kirchner et al. (1987) for instance showed > 90% 
removal efficiencies for compounds like aldehydes and alcohols at 5 ppmv to 40 ppmv influent 
concentrations and 2.4 s EBRT. Ibrahim et al. (2001) found 92% and 95% removal efficiencies for 
10 ppmv acetaldehyde and propionaldehyde inlet concentrations, respectively, in a column packed 
with immobilized activated sludge beads at EBRT = 12.4 s. At higher influent concentrations, the 
removal of both compounds decreased, however, due to inhibitory effects. For higher influent 
concentrations, higher EBRT values are needed, as shown by Chang and Lu (2003). They found 
nearly complete isopropanol removal efficiencies in a biotrickling filter, operated between 20 s 
and 90 s EBRT time at influent concentrations between 100 ppmv and 500 ppmv. When too high 
influent loadings are applied, accumulation of compounds or intermediates can occur. Chua et al. 
(2000) found > 99 % removal efficiencies for butyric and valeric acid in a biotrickling filter, at 
mass loadings between 4.8 g m–3 h–1 and 37.8 g m–3 h–1 (0.05 g m–3 to 0.86 g m–3). However, at 
loading rates exceeding 32 g m–3 h–1, the maximal biodegradation capacity was reached and 
accumulation of volatile fatty acids in the liquid phase was observed.  
 
1.3.5. Removal of complex odour mixtures 
 
Most of the components present in odorous mixtures can be removed efficiently with biological 
waste gas cleaning techniques, when properly operated, even at relatively high influent 
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concentrations. Also in industrial applications treating mixtures of compounds, often high (odour) 
removal efficiencies can be obtained. Chua et al. (2000) for instance used a biotrickling filter 
packed with ceramics and inoculated with activated sludge to remove odours at a composting 
facility. After a 30 d acclimation period, > 95% removal efficiencies were obtained for NH3 and 
H2S during about 60 d of operation. Also, at a biosolids composting facility, Goodwin et al. (2000) 
found efficient odour removal with a biofilter (> 95%) after about 3 months of operation at EBRT 
= 20 s, as determined with olfactometric analyses. Luo (2001) observed > 98% odour reduction 
with wood bark biofilters treating rendering emissions during a period of 3 years, at EBRT = 6.8 
min. Reducing the EBRT to 1.7 min did not affect the odour removal efficiencies during the first 3 
months of operation. After 22 months, however, the odour removal efficiency was 99.1% at EBRT 
= 6.8 min and only 29.7% at EBRT = 1.7 min.  This clearly shows that regular filter medium 
replacement is necessary, especially when lower EBRT values are used.  
When a complex mixture of odorous compounds has to be treated, removal efficiencies of the 
single compounds can be smaller than expected. This can be caused by e.g. toxic effects of 
substrates or metabolites. Van Langenhove et al. (1989a) compared the applicability of a tree bark 
biofilter for removing odours from a vegetable processing industry, mainly emitted during the 
blanching process. The main odorous compounds identified were sulfides, isothiocyanates, nitriles 
and aldehydes. In pilot-scale experiments all compounds were removed with > 95% removal 
efficiencies, at an EBRT of 18 s. However, a full-scale biofilter, designed according to the results 
obtained from the pilot-scale studies, had lower removal efficiencies after 6 months of operation 
(45% to 65% for sulfides). This was found to be caused by the accumulation of isothiocyanates, 
which was not observed during the short-term pilot-scale experiments. For hexanal, Van 
Langenhove et al. (1989b) observed 85% removal efficiency in a wood bark biofilter, at 10 ppmv 
inlet concentration and EBRT = 20 s. To simulate emissions from a food processing plant, 40 
ppmv SO2 was added to the waste stream, leading to a drastic decrease of the hexanal removal 
efficiency to 40%. Next to toxic effects, preferential degradation of easily biodegradable 
compounds can inhibit the removal of other compounds. Smet et al. (1997b) for instance found 
that isobutanal was preferentially degraded before DMS, in a biofilter inoculated with 
Hyphomicrobium MS3, when both compounds were simultaneously dosed. This could cause low 
removal of DMS when a biofilter is designed too small.  
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1.4. MICROBIAL ECOLOGY IN BIOLOGICAL WASTE GAS TREATMENT 
 
Biological waste gas treatment technologies, especially biofiltration, have been used for decades to 
remove odours and VOCs from waste gases. Although the technical parameters of biofiltration are 
well studied (operational parameters, loading rates, reactor design), the biological aspects 
remained largely unknown (von Keitz et al. 1999). Formerly, the microbial ecology of various 
environments was investigated using light microscopy and isolation techniques. Microscopic 
identification is very laborious, however, and sometimes impossible (Torsvik et al. 1998), and 
usually only 0.1 – 10 % of the visualised bacteria produce viable colonies (Head et al. 1998). In 
addition, by isolating strains, only little knowledge is obtained about the microbial community 
composition in situ (von Keitz et al. 1999). With the advent of molecular biology in the 80s, some 
new techniques emerged, such as polymerase chain reaction (PCR), fluorescent in situ 
hybridisation (FISH), denaturing gradient gel electrophoresis (DGGE), cloning, … These 
molecular techniques do not require culturing of organisms, and could therefore provide a more 
complete picture of the microbial community. Although these recent methods can be susceptible to 
biases (Polz and Cavanaugh 1998; von Wintzingerode et al. 1997), they can be very useful to 
investigate the diversity and structure of bacterial communities, and to monitor changes in these 
ecosystems (Torsvik et al. 1998). Stimulated by these developments, an increasing number of 
studies investigating the microbial ecology in biofilters and biotrickling filters were performed 
from the late 90s onwards (e.g. Friedrich et al. 1999; Moller et al. 1996; Sakano and Kerkhof 
1998; von Keitz et al. 1999). A lot of research focussed on the isolation and identification of 
microbial groups and species, while the relationships between microbial communities, operational 
parameters and reactor efficiencies are still largely unknown. The following sections describe the 
currently available knowledge about the microbial ecology in biofilters and biotrickling filters, 
especially in the field of odour removal. When the concepts can be generalized, results about VOC 
removal are also presented. 
 
1.4.1. Biofilm architecture and activity 
 
The study of the biofilm architecture in biofilters is very difficult due to the various matrix types 
used and due to the absence of thick biofilms (Deshusses 1997). This is less the case in 
biotrickling filters, where (often thick) biofilms grow on an inert packing. In general biofilms, 
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especially under relatively low shearing forces as they occur in biofilters and biotrickling filters, 
are of a rugged, mushroom-like shape (Engesser and Plaggemeier 2000). Bacteria grow in matrix 
enclosed microcolonies, and some regions of the biofilm may be less dense and even be penetrated 
by water or gas channels, the latter enabling transport of nutrients, oxygen and substrate to deep 
inside the complex community (Stoodley et al. 2002). The bacterial microcolonies are not static 
but dynamic both in space and time. Depending on the reactor type and operation, biofilms can be 
fully or partly wetted (Kennes and Thalasso 1998). Using Computed Axial Tomography (CAT) 
scanning, Deshusses and Cox (1998) showed that most of the free space in a biotrickling filter was 
occupied by trickling water, providing limited direct air-biofilm contact. The general biofilm 
concept has also been confirmed in a toluene degrading biotrickling filters, using scanning 
confocal laser microscopy (Moller et al. 1996). The authors found the existence of Pseudomonas 
putida microcolonies next to individual cells in the biofilm of a toluene degrading biotrickling 
filter. Also, cell-free volumes extending from the surface into deeper regions of the biofilm could 
be visualized. 
The microbial consortium in biofilters and biotrickling filters contains multiple species, consisting 
of primary degraders feeding on the pollutants, secondary degraders utilizing by-products of the 
pollutant degradation process and predators. Besides bacteria, fungi may play a significant role by 
taking up substrate directly from the gas phase by air mycelia (Engesser and Plaggemeier 2000). 
Microorganisms (fungi and bacteria) degrading the packing material could be important to deliver 
nutrients for pollutant degradation (Pineda et al. 2004). In biotrickling filters, protozoa have been 
observed and their role as predators was confirmed by adding protozoan species to a toluene 
degrading biotrickling filter (Cox and Deshusses 1999). Figure 1.6 shows a schematic overview of 
the described biofilm concept for biofilters and biotrickling filters, including the transport of 
substrates and metabolites. As indicated by Herzberg et al. (2003), adsorptive carrier materials like 
granular activated carbon (GAC) can be the source of an extra flux of pollutant to the biofilm in 
addition to the bulk fluidum, provided that patchy biofilm coverage with exposed areas of carrier 
material develops.  
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Figure 1.6. Schematic biofilm structure in biotrickling filters (inspired from Engesser and 
Plaggemeier (2000) and Deshusses (1997)). S1: primary substrates (volatile pollutants), S2: 
metabolites. 
 
The development of a biofilm in a toluene degrading biotrickling filter was described by Tresse et 
al. (2003). The authors observed a (i) lag phase corresponding to the attachment of the microbial 
cells to the Pall rings, (ii) a phase of biofilm establishment which corresponded to the build up of 
the biofilm and (iii) a maturation phase with a constant number of cells. Living cells were always 
dominant (> 72%) over dead cells during the establishment phase, whereas in the maturation phase 
the average portion of living cells decreased to 51%. The biofilm thickness increased 
independently of the cell number during the maturation phase, therefore this was attributed to the 
accumulation of inactive organic matter. Also Song and Kinney (2000) observed carbon 
accumulation in a toluene degrading biofilter (packed with inert silicate pellets), while the total 
number of heterotroph plate counts remained rather constant. Both investigations suggest that 
clogging, which is frequently observed in biotrickling filters (Mendoza et al. 2004; Won et al. 
2004), would not be caused by the accumulation of bacterial (living or dead) cells, but rather by 
the accumulation of exopolymeric substances (EPS). Therefore, it was proposed that strategies to 
control the biomass should target specifically the organic matter that accumulates in the biofilm. 
Also Morgan-Sagastume et al. (2001) found that the biofilm accumulating in a biofilter at high 
methanol loading rates (100 – 150 g m-3 h-1), contained higher water contents and concentrations 
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of EPS (100 – 200 mg carbohydrate g-1 total volatile suspended solids). In the inlet section of the 
biofilter, extensive biomass accumulation occurred, up to 19 g biomass g-1 dry substratum. These 
biomass layers contained 97 – 122 g water g-1 total solids, while in the rest of the bed only 20 – 22 
g water g-1 total solids was measured. Khammar et al. (2005) found that the percentage of active, 
respiring bacteria (using CTC staining) relative to total bacteria (using DAPI staining) was usually 
around 20%, although values below 1% were also occasionally observed. Moller et al. (1996) 
showed that the toluene degradation rate of Pseudomonas putida in the biofilm of a biotrickling 
filter was lower than when grown in batch culture.   
 
1.4.2. Identification of microorganisms 
 
In biofilters with an organic packing, active biomass is naturally present. Using plate counting, 
Pearson et al. (1992) found 5 x 107 – 3 x 1010 bacterial cells, and 106 - 107 yeast and fungi cells per 
gram of heather. With DAPI staining, von Keitz et al. (1999) found bacterial cell numbers between 
4.9 x 109 and 1.2 x 1010 per gram dry matrix in a biofilter treating rendering emissions. Because 
most of the DAPI-stainable cells could be detected by probe EUB338, the number of 
microeukaryotes, Archaea, and bacterial taxa which are resistant to the permeabilization treatment 
or with deviating target sequences (e.g. planctomycetes) were expected to be low in this case. 
Similarly, Friedrich et al. (1999) counted between 5.5 x 109 and 7.8 x 1010 cells per g of dry 
matrix, using DAPI staining with organic biofilter materials. Slightly lower counts were observed 
on porous clay (2.2 x 109 cells g-1 dry weight). The authors also found that Eukaryota, 
Planctomycetes and Archaea were least abundant. Webster et al. (1997) used PLFA analysis and 
plate counting to estimate the microbial densities in GAC and compost biofilters. In general, 
higher numbers of bacteria were observed in compost biofilters than in GAC biofilters. Initially, 
plate counts were within one order of magnitude of the PLFA microbial density numbers (log 7 – 
log 10 bacteria, depending on the reactor). Later during the experiment, when the pH decreased, 
plate counts were a factor 10 or 100 lower than the PLFA estimates. Khammar et al. (2005) found 
that plate counting only represented between about 0.3 and 33% of the total direct cell counts in 
peat biofilters treating a complex mixture of VOCs, the latter ranging between about 5 x 108 and 3 
x 1010 per gram dry peat. Both studies showed that plate counting is likely to underestimate the 
real number of bacteria in biofilters.  
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Several studies have identified the types of bacteria present in organic biofilters. Among others, 
the group of Karlheinz Altendorf and André Lipski (University of Osnabrück, Germany) 
performed extensive screening of bacterial isolates from biofilters treating rendering emissions, 
consisting of compounds like organic sulfides, furans, thiophenes, carbonyl compounds, hydrogen 
sulfide, ammonia and carbon dioxide. Ahrens et al. (1997) grouped all of the 70 bacterial isolates 
from industrial biofilters in 6 clusters, four of which belonging to the α- and two to the β-
Proteobacteria. In another study, isolates from NH3 or NH3/DMDS degrading lab-scale biofilters 
were compared to the previously obtained isolates from the industrial biofilters (Lipski and 
Altendorf 1997). Although only NH3 was degraded in the biofilters, a high heterotrophic diversity 
was observed, as was also observed by Sakano and Kerkhof (1998). Most of the isolates were 
assigned to the previously characterized taxa from the industrial biofilters. Bacilli were also found, 
usually in filter material with low water content, as was previously observed by Bendinger (1992). 
The number of taxa in the lab-scale biofilters was less, however, compared with those groups 
isolated from the industrial-scale biofilters. This reduced number of taxa could be due by the 
presence of only two waste gas compounds (NH3 and DMDS) in the lab-scale biofilters compared 
with the full-scale biofilter. Khammar et al. (2005) isolated and identified microorganisms from a 
peat biofilter, degrading a complex mixture of VOCs. The authors found 4 different yeasts, 9 
Gram-positive bacteria with high GC-content en 11 β- and γ-Proteobacteria. The identified isolates 
were different than those reported by the studies of the group of Lipski and Altendorf. For instance 
Khammar et al. (2005) did not isolate members of the α-Proteobacteria, and different genera of β- 
and γ-Proteobacteria. The only similarity between both studies was the isolation of 
Corynebacteria. These results suggest that the heterotrophic communities in organic based 
biofilters vary significantly between biofilters. It is not known, however, to what extent the 
biofilter material, the influent gas composition, the temporal variation or other factors determine 
the microbial community composition.  
The above mentioned studies identified only isolated bacteria, which are believed to constitute 
only 0.1 – 10% of the total microbial community (Head et al. 1998).  Moreover, the isolation of 
bacteria in these studies was performed on general agar media, not incorporating typical odorous 
VOCs as energy source. Consequently, it is difficult to determine the exact function of these 
bacteria in the biofilters themselves.  
To enable a broader view on the total microbial community, von Keitz et al. (1999) used rRNA 
targeted oligonucleotide probes in combination with PLFA analysis to quantify the in situ 
microbial communities in a biofilter treating rendering emissions. The probes mainly hybridized to 
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the γ-Proteobacteria (18 - 29% of the DAPI stained cells), a fraction which was apparently 
underestimated in the previous isolation studies (Ahrens et al. 1997; Lipski and Altendorf 1997; 
Lipski et al. 1992). The α- and β-Proteobacteria were also well represented, consisting of 6 to 13% 
of the DAPI stained cells. In another study on 3 full-scale and 3 experimental biofilters, probes 
were applied for the detection of Eukaryota, Archaea, α-, β-, γ-Proteobacteria, the Cytophaga-
Flavobacterium cluster of the Cytophaga/Flexibacter/Bacteroides phylum, Actinobacteria, 
Firmicutes with low GC-content, Planctomycetes and a newly designed probe for the 
Xanthomonas branch of the Proteobacteria (Friedrich et al. 1999). Usually, the percentage 
detection was the highest for the Actinobacteria or the α-Proteobacteria, in contrast with the results 
obtained by von Keitz et al. (1999). The abundance of the other groups was rather variable among 
all biofilters. No clear relation could be observed with characteristics as biofilter packing type, 
biofilter moisture content or type of waste gas. A clone library, constructed from a biofilter 
treating rendering emissions, revealed still a different distribution of the bacterial groups (Friedrich 
et al. 2002). In this case, 22.1%, 17.5% and 18.6% of the clones were affiliated with the α-, β-, and 
γ-Proteobacteria respectively, and 31.7% with the Bacteroidetes. Only minor portions were 
affiliated with the Actinobacteria (2.0%), although this could be due to a poor lysis efficiency or to 
selective PCR. Only 6 out of the 106 16S rDNA sequences exhibited similarities exceeding 97% to 
classified bacterial species, indicating that a substantial fraction of the clone sequences were 
derived from unknown taxa. Extensive FISH analysis on the same biofilter (Friedrich et al. 2003) 
revealed the Actinobacteria and the β-Proteobacteria (instead of the α-Proteobacteria; von Keitz et 
al. (1999)) to be the most abundant groups. However, a large degree of variation occurred between 
sampling and dates, with sometimes other groups, e.g. α-Proteobacteria or Cytophaga-
Flavobacterium being more important. Sakano and Kerkhof (1998) used cloning and sequence 
analysis to investigate the microbial community structure in a NH3 degrading biofilter, consisting 
of a perlite packing inoculated with nitrifying sludge and compost. The heterotrophic community 
was comprised mostly of members of the Proteobacteria, similarly as observed in the above 
mentioned studies. Also Webster et al. (1997) found that PLFA profiles associated with Gram-
negative bacteria dominated the microbial community in different GAC and compost biofilters. 
In Table 1.4, a summary is presented of the diversity of bacteria that were identified in biofilters 
treating odorous emissions. Culture-independent techniques were able to identify bacteria from all 
phyla, while isolation techniques only identified bacteria in half of the phyla shown. The latter 
techniques appear to selectively isolate Proteobacteria and especially those from the Gamma-
subclass. The table also illustrates that only a low number of bacteria are isolated repeatedly in 
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independent studies (indicated in bold). This was only the case for the genera Alcaligenes, 
Sphingomonas, Xanthomonas, Pseudomonas, Stenotrophomonas, Enterobacter and Bacillus. 
Therefore, these genera could probably be regarded to be more universal inhabitants of organic 
biofilters.  
 
Table 1.4. Overview of bacteria identified in biofilters with organic matrices, treating 
odorous emissions. The type of waste gas is indicated in the column “waste gas”, with R: 
rendering emissions, BA: butyric acid. The column indicated with “I” indicates whether the 
identification was performed after using isolation (+) or culture independent techniques (-). 
Bacterial genera that were repeatedly identified in independent studies were marked in bold. 
Phylum Most accurate identification Waste gas I Refs.*  
Actinobacteria Actinosynnema mirum NH3 - 6 
 Actinomadura nitritigenes sp. nov. NH3/DMDS + 4 
 Microbacterium NH3/DMDS + 2 
Bacteroides Bacteroides thetaiotamicron R - 7 
 Cellulophaga uliginosa R - 7 
 Dysgonomonas capnocytophagoides R - 7 
 Flavobacterium columnarum R - 7 
 Flexibacter sancti R - 7 
 Pedobacter heparinus R - 7 
 Sphingobacterium thalpophilum R - 7 
 MK04 ‘Magnospira bakii’ R - 7 
Firmicutes Bacillus NH3/DMDS, R  + 2,5 
 Eubacterium multiforme NH3 - 6 
Planctomycetes Isosphaera  NH3 - 6 
Proteobacteria     
   α-proteobacteria Afipia clevelandensis R - 7 
 Afipia felis R - 7 
 Aminobacter aminovorans R - 7 
 Brevundimonas diminuta R, NH3/DMDS + 1,2 
 Caulobacter crescentus R - 7 
 Devosia riboflavina R - 7 
 Magnetospirillum gryphiswaldense R - 7 
 Mesorhizobium loti R - 7 
 Nitrobacter winogradsky R - 7 
 ‘Odyssella thessalonicensis’ R - 7 
 Paracoccus solventivorans R  + 1,3 
 Paracoccus alkenifer sp. nov. R  + 1,3 
 Sphingomonas NH3 - 6 
 Sphingomonas subarctica R - 7 
   β-proteobacteria Alcaligenes faecalis R  + 1 
 Alcaligenaceae new taxon R  + 1 
 Alcaligens sp NKNTAU R - 7 
 Alcaligenes defragans R - 7 
 Bordatella bronchisepta NH3 - 6 
 Comamonas testeroni NH3 - 6 
 Ideonella dechloratans R - 7 
 Methylobacillus glycogenes R - 7 
 Nitrosomonas sp. R - 7 
 Nitrosomonas europaea R - 7 
 Rhodoferax fermentans R - 7 
 Zoogloa ramigera NH3 - 6 
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Table 1.4. (Continued). 
 
   γ-Proteobacteria Acidithiobacillus thiooxidans R - 7 
 Enterobacter amnigenus R - 7 
 Enterobacter BA + 8 
 Marinomonas vaga NH3 - 6 
 Moraxella BA + 8 
 Oceanospirillum kriegii NH3 - 6 
 Pseudomonas putida NH3 - 6 
 Pseudomonas BA + 8 
 Rhodanobacter lindaniclasicus R - 7 
 Stenotrophomonas NH3/DMDS + 2 
 Stenotrophomonas nitritirudicens R - 7 
 Xanthomonas NH3/DMDS + 2 
 Xanthomonas campestris NH3, R - 6,7 
    δ-Proteobacteria Chondromyces crocatus R - 7 
   ε-Proteobacteria Campylobacter  NH3 - 6 
 Helicobacter pullorum NH3 - 6 
Verrucomicrobia Verrucomicrobium spinosum R - 7 
 
*References: 1. Ahrens et al. (1997), 2. Lipski and Altendorf (1997), 3. Lipski et al. (1998), 4. Lipski and Altendorf 
(1995), 5. Bendinger (1992), 6. Sakano and Kerkhof (1998), 7. Friedrich et al. (2002), 8. Sheridan et al. (2003) 
 
Two studies investigated the total bacterial diversity in biofilters (Figure 1.7). Friedrich et al. 
(2002) found a very high diversity in an industrial biofilter treating rendering emissions, and 
rarefaction analysis of amplified rDNA restriction analysis (ARDRA) clusters demonstrated that 
the number of 444 screened clones was insufficient to reveal the entire bacterial diversity. Sakano 
and Kerkhof (1998), however, found a much lower diversity of their clone library, obtained at 
different times in an ammonia degrading biofilter. The number of unique clones reached a 
maximum of 15 at a total of 90 clones analysed. The reduced diversity in this biofilter could be 
caused by the low complexity of the influent gas, only containing NH3 and/or to the packing 
material, consisting of inoculated perlite.  
 
 
 
 
 
 
Figure 1.7. Rarefaction analyses of A. ARDRA clusters from a biofilter treating rendering 
emissions, B. restriction digests from a biofilter treating NH3 on day 0 (○), day 15 (U) and 
day 102 (□).  
  31 
Chapter 1 
1.4.3. Odour degrading microorganisms  
 
Most of the studies investigating the microorganisms responsible for the degradation of odours 
have been performed with waste gases containing H2S, VOSCs and NH3.   
By using different agar media, Degorce-Dumas et al. (1997) found that when the H2S removal 
efficiency in a biofilter decreased below a pH of 6.6, the number of nonacidifying thiobacilli 
decreased, while the acidifying thiobacilli became dominant. Therefore, a correlation between the 
number of nonacidifying thiobacilli and the H2S removal efficiency was suggested. Yang and 
Allen (1994a), on the contrary, found almost equal H2S removal efficiencies at pH values between 
3.2 and 8.8. The high H2S removal efficiency at pH = 3.2 was attributed to the abundance of 
acidophilic sulfur oxidizing bacteria. So the exact role of acidophilic versus neutrophilic sulfur 
oxidizers could vary among different reactors. Using isolation-independent techniques, however, 
von Keitz et al. (1999) did not find any indications for the presence of a known sulfur oxidizing 
taxon in a biofilter treating rendering emissions, although the biofilter material had a low pH and 
high sulfate content. One sample contained a fatty acid associated with Pseudonoacardia 
sulfidoxidans. This species, together with Pseudonocardia asaccharolytica, was isolated from 
experimental tree bark biofilters and was proposed as a new methyl sulfide degrading 
actinomycete (Reichert et al. 1998). These results suggest that autotrophic sulfur oxidizers may 
only constitute minor part of the bacterial community in biofilters receiving H2S and VOSCs, and 
that heterotrophs may be more important regarding the sulfur oxidation than usually assumed. This 
was further evidenced by Knief et al. (2003), who investigated the incorporation of labelled 13C 
(from NaH[13C]O3) into fatty acid methyl esters (FAME’s) to identify the physiologically active 
autotrophic bacteria in a full-scale biofilter in a rendering plant. The authors found that the labelled 
FAME’s were not known for sulfide-oxidizing autotrophs and suggested the presence of an 
unknown sulfide-oxidizing autotrophic organism as a major primary producer in the biofilter. 
Using the same techniques, the authors found that autotrophic sulfur oxidizing β-Proteobacteria of 
the Thiobacillus denitrificans/thioparus group were responsible for DMDS degradation in a 
biotrickling filter. Using 13C-labelled substrates seems a very powerful technique to identify the 
pollutant degrading microorganisms in situ, and could probably provides more new insight in the 
identity of primary degraders in biofilters and biotrickling filters. 
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It is usually assumed that NH3 removal in biofilters occurs through nitrification by autotrophic 
ammonium oxidizers (Chen et al. 2005; Hartikainen et al. 1996; Smet et al. 2000). Friedrich et al. 
(2003), however, could not detect ammonia- or nitrite-oxidizing bacteria in a biofilter by using 
FISH probes, although ammonia was biodegraded based on the accumulation of nitrite and nitrate. 
Also Sakano and Kerkhof (1998) could not detect nitrifiers in a clone library of a biofilter after 
amplifying the extracted DNA with universal 16S rDNA primers. By using primers targeting the 
ammonium monooxygenase genes, several clones related to Nitrosospira and Nitrosomonas 
species were found. These studies indicated that the known autotrophic ammonium oxidizing 
bacteria were only minor constituents of the total microbial community in NH3 degrading 
biofilters. Malhautier et al. (1998) investigated the abundance of nitrifiers in biofilters packed with 
peat or GAC, using immunofluorescence and PCR combined with the most probable number 
(MPN) technique. The PCR technique showed between 0 and 250 Nitrobacter counts per gram 
GAC, and between 0 and 2.5 x 103 Nitrobacter counts per gram peat, both of which are rather low 
numbers. The authors mentioned that the number of Nitrobacter was probably underestimated 
because of DNA and cell losses.  
A few studies showed evidence that other bacteria could play a role in ammonium removal, next to 
autotrophs. Lipski et al. (1994) isolated Alcaligenes faecalis strains as heterotrophic nitrifiers and 
aerobic denitrifiers from a biofilter treating rendering emissions. Later investigations showed that 
isolates, identified as Stenotrophomonas and Xanthomonas could reduce nitrite to nitrous oxide, 
which was never reported before (Finkmann et al. 2000; Lipski and Altendorf 1997). The presence 
of these strains could be of importance for ammonia removal in biofilters, in the form of N2 or 
N2O. It was suggested that the presence of organic substrates (from the waste gas or the biofilter 
material) and the oxygen concentration could be important factors determining the rate of 
denitrification. However, it was not clear to what extent the isolated strains contributed to the 
ammonia removal, and more important, how these microorganisms could be stimulated. Results 
reported by Smet et al. (2000), showed that all NH3 supplied to a biofilter was found as NH4NO3, 
suggesting that N-removal by denitrification was not significant in this case. However, it was 
found that nitrification was inhibited by osmotic effects at NH4NO3 concentrations exceeding 6 – 7 
g N kg-1 biofilter material. Therefore, if denitrification could be stimulated, problems with too high 
osmotic pressures would not arise.  
 
 
 
  33 
Chapter 1 
1.4.4. Inoculation  
 
Biofilters and biotrickling filters require different inoculation strategies. Organic biofilter packing 
media normally contain a high number of microorganisms (see section 1.4.2), and can provide all 
the necessary nutrients for microorganisms (Kennes and Thalasso 1998). Sometimes, faster start-
up can be achieved by inoculation with either specialized or non-specialized microorganisms (van 
Groenestijn and Hesselink 1993). For odorous waste gases, this is mainly the case for the removal 
of organic sulfur compounds (Smet and Van Langenhove 1998). Budwill and Coleman (1999), 
however, found that the DMS degrading activity of a sterilized biofilter and a biofilter inoculated 
with Thiobacillus thioparus was very similar, apart from the start-up period. Bacterial enumeration 
showed that no bacteria were present after sterilization, but that up to 107 colony forming units 
(CFU) heterotrophic bacteria g-1 and 105 CFU thiobacilli g-1 developed gradually on the packing 
material. These results illustrate that inoculation for DMS removal can be ineffective in the case 
low loading rates are applied. Other authors found a very pronounced effect of inoculation for the 
removal of high DMS loading rates (Smet et al. 1996a). The r/K selection strategy could be 
important to determine suitable target strains for inoculation. Juteau et al. (1999) investigated this 
theory in a toluene degrading compost biofilter. The authors found that Rhodococcus and 
Pseudonocardia isolates were the most abundant pollutant degrading isolates in the biofilter, 
although these bacteria are slow growers. Therefore, the dominant isolates were regarded as K-
strategists, adapted to a crowded and resource-restricted environment. The r-strategists (e.g. 
pseudomonads) are characterised by high growth rate, while the K-strategists possess other 
competitive abilities like a high affinity for the substrate, resistance to predation, etc. A predation 
assay could confirm the resistance to predation of Rhodococcus and Pseudonocardia, although 
also one Pseudomonas isolate was found to be resistance, in contrast with 3 other isolated fast 
growers. Possibly other factors besides resistance towards predation were important for the 
dominance of the slow growing isolates. Although Pseudomonas strains are often used as 
inoculum for biofilters, the study suggested that other types of baceria, e.g. Rhodococcus strains, 
could have a better chance of survival in the biofilter environment. Acuna et al. (1999) studied the 
fate of a toluene degrading inoculum, consisting of 5 bacteria and 2 yeasts. Based on plate counts, 
the number of bacteria in the peat had increased 50-fold, while the number of yeasts had increased 
about 10000-fold after 12 days of operation. This sharp increase in cell numbers agreed with the 
peak EC (190 g m-3 h-1) that was observed in the reactor. The stationary EC after start-up (day 12) 
was only 8 g m-3 h-1, reflecting that toluene was used for the maintenance of the existing 
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population. The number of bacteria increased continuously during biofilter operation, while the 
number of yeasts remained rather constant. From day 88, contamination by other bacteria and 
fungi was observed. Further studies are needed, however, to assess the survival of inocula 
introduced in biofilters or biotrickling filters. 
 
In biotrickling filters, and sometimes in biofilters, inert packing materials are used as support for 
the biofilm. In these cases, inoculation is always needed before start-up of the system, in order to 
provide a high density of non-specific or specially selected micro-organisms on the packing 
material. There have been surprisingly few studies, however, dedicated to selecting and comparing 
inocula for odour removal, and to determine the fate of the inoculum after introduction in a 
bioreactor. Steele et al. (2005) acclimated different sludge samples by ethanol addition for 68 days 
and subsequently used those samples as inoculum for ethanol removing biofilters, packed with 
lava rock or sand (Bv ~ 34 g m-3 h-1). The authors found a relation between the microbial diversity 
of the wastewater sludge and its performance as inoculum. Samples exhibiting a decreasing 
microbial diversity during acclimation showed superior ethanol removal in the biofilters than 
samples with increasing microbial diversities. The same relation between microbial community 
diversity and ethanol removal persisted during the further biofilter experiments. The authors 
suggested that an increased diversity could result in a greater competition within the biofilters and 
in a disruption of the normal ethanol metabolism. This could lead to the formation of acidic 
intermediates and decreased ethanol removal efficiencies. A few dominant operational taxonomic 
units were found that were present in the successful biofilters, but not in the failing biofilters. 
These were therefore regarded as key members of the biofilter system, guaranteeing efficient 
ethanol removal. No attempts were done, however, to identify these key species. Prado et al. 
(2005) compared different inocula (wastewater treatment sludge) for methanol removal, and found 
that an inoculum with a high biomass concentration or an adapted inoculum positively affected the 
start-up and the performance of a methanol degrading lava rock biofilter. It remains unclear, 
however, how the long-term performance of a biofilter will be affected by inoculum selection.  
Recently, Chung et al. (2004) showed that reactor performance can be significantly influenced by 
inoculum selection. By selecting heterotrophic bacteria (Pseudomonas putida CH11 for H2S 
degradation and Arthrobacter oxydans CH8 for NH3 degradation), acidification during H2S and 
NH3 removal decreased considerably. Heterotrophs oxidize H2S and NH3 mainly to elemental 
sulfur and organic nitrogen, causing only very small production of acidic endproducts. In an 
activated carbon biofilter, H2S and NH3 concentrations between 20 ppmv and 120 ppmv could be 
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very efficiently removed during 180 d. A carbon source had to be supplied every two weeks, 
however, to support growth of the heterotrophic organisms. 
 
1.4.5. Microbial ecology versus operational parameters  
 
The diversity and relative abundance of microbial species present in biofilters may vary in time, or 
may be influenced by the composition of the influent gas (pollutants, oxygen), environmental 
conditions in the filter bed (e.g. pH, temperature, moisture content, nutrients) and the overall 
operating strategy employed. Up to now, limited information is available about these relations in 
biofilters and biotrickling filters. Understanding the influences of changing operational parameters 
on the microbial ecology could be valuable, however, to improve the operation and trouble-
shooting in bioreactors for odour control.    
 
Microbial community dynamics. Often microbial diversity analyses are only performed before 
and after an experiment, because of sampling, budgetary or time-limit constraints. However, the 
representativeness of single samples can be questioned if significant temporal microbial 
community dynamics would occur, even at relatively stable operating conditions (Li and Moe 
2004).  
Rieneck (1992) found that microbial biomass (expressed as CO2 production after addition of 
glucose) and dehydrogenase activity were good parameters for determination of 
chemoheterotrophic activity. Both parameters (that correlated very well) were found to decrease 
with the aging of compost, due to the loss of biodegradable organic matter. Determination CFU 
and MPN were considered less useful since they yielded very variable results and didn’t correlate 
well with the other two techniques. In a biotrickling filter, however, Song and Kinney (2000) 
found that the dehydrogenase activity of the mixed culture biofilm was directly proportional to 
heterotrophic plate counts of the same samples. The differences were probably due to the organic 
vs. inert packing materials. In the same study it was also seen that the toluene degrading fraction in 
the biotrickling filter decreased during reactor operation, due to mass transfer limitation following 
biomass accumulation. 
Friedrich et al. (2003) found substantial temporal and spatial variation of the occurrence of 
different bacterial groups (e.g. the different subgroups of the Proteobacteria, Actinobacteria, 
Firmicutes, etc.) in a biofilter treating rendering emissions, as determined by FISH analysis. Also 
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PLFA analysis showed temporal variation of the microbial community composition in biofilters 
samples during one year (von Keitz et al. 1999). For instance, the number of iso/anteiso fatty acids 
was low, indicating low amounts of genera like Xanthomonas, Flavobacterium, Bacillus, 
Arthrobacter or Streptomyces, except in June and August samples. Sakano and Kerkhof (1998) 
compared clone libraries obtained on days 0, 15 and 102 of a NH3 degrading biofilter. Fifteen out 
of 21 clones were only observed on one sampling date. Only 3 clones were observed on two and 
three sampling dates, respectively. In addition, a decrease of the microbial diversity was observed 
in time. Grove et al. (2004) investigated the physiological profiles in a hexane degrading biofilter, 
using BIOLOG ECO-plates. The authors observed that the profiles from the in- and effluent side 
became more similar in time. Switching to ethanol in the effluent induced again dramatic 
differences between the in- and effluent sides.  
Other observations indicated that the microbial community composition in biotrickling filters is 
probably more stable than in biofilters. In a styrene degrading biotrickling filter, Tresse et al. 
(2002) observed a rather stable planktonic and sessile bacterial community composition during 
182 days of reactor operation. Figure 1.8 shows the DGGE patterns of the planktonic and sessile 
cells during the first 84 days of operation. Most of the variation of the sessile bacteria occurred 
during acclimation period, being the first 35 days of operation. This was also the period during 
which most of the biomass accumulation occurred on the rings (from 0 to 12 mg cell dry weight 
per ring). It still remains a question whether the stability of the biofim microbial community could 
be related to sustainable pollutant degradation.  
  
Figure 1.8. DGGE patterns, representing the inoculum (I) and the population dynamics of 
planktonic (P) and sessile (S) cells in a styrene-degrading biotrickling filter. Numbers at the 
top represent time of sampling (days). 
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Spatial variation. Several authors have found vertical degradation patterns of odorous compounds 
and VOCs in biofilters and biotrickling filters, usually because easily biodegradable or hydrophilic 
compounds are preferentially degraded (Cho et al. 1992b; Khammar et al. 2005; Mohseni and 
Allen 2000; Paca et al. 2005; Smet et al. 1997b; Wani et al. 1999). The use of molecular 
microbiological analyses has recently confirmed that also microbial activity or community 
composition shows a spatial variation (Friedrich et al. 2003; Grove et al. 2004; Khammar et al. 
2005; Li and Moe 2004). Khammar et al. (2005) for instance found that removing oxygenated 
VOCs from an influent gas consisting of a mixture of oxygenated, aromatic and chlorinated VOCs 
induced a considerable change of the microbial community composition in a biofilter. This showed 
that the waste gas composition is an important determinant of the microbial community 
composition. However, the exact cause of the change in microbial community was not determined 
(e.g. toxicity, lack of substrate for the existing community), nor which species were essential to 
have a good biodegradation activity. The authors also found that bacterial isolates from different 
biofilter depths were different. In an industrial biofilter, Friedrich et al. (2003) observed very low 
bacterial counts with specific FISH probes near the biofilter outlet. At the influent side, however, 
higher probe-specific counts were found, e.g. for the Xanthomonas branch, or members of the 
Alcaligenes/Bordatella lineage.  
In a toluene degrading biotrickling filter, it was observed that the dehydrogenase activity was 
about 10 times higher in the influent compared with the effluent section (Song and Kinney 2000). 
However, when normalized to the number of heterotrophic plate counts, a rather constant 
dehydrogenase activity was observed. Hence respiratory activity was directly proportional to 
active cell numbers in the mixed culture biofilm. 
 
Influence of loading rate. The influence of pollutant loading rate on the microbial community 
composition can be considered as an important factor determining the spatial distribution of 
microorganisms. Krailas et al. (2000) for instance observed increasing total bacterial cell numbers 
at increasing methanol loading rates and elimination capacities, although the relation was rather 
weak. Damborsky et al. (1999) found a high number of spore-forming bacteria (about half of the 
degrading population) in an industrial peat biofilter treating aromatic VOCs. After a one month 
interruption of the pollutant gas flow, a decreasing number of spore-formers was observed, 
although the total number of aromatic VOC degrading organisms increased. Therefore, the authors 
suggested that sporulation helps bacteria to overcome the starvation period during breaks in the 
operation.  
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Li and Moe (2004) used DGGE to investigate whether non-steady-state operating strategies can 
serve as a sufficiently large selective pressure to impact microbial population structure in 
biofilters. A reactor operated in sequencing batch mode (cycles of feeding and idle periods) had a 
slightly different microbial community composition after 209 days of methyl ethyl ketone 
removal, compared with a reactor operated under continuous flow. However, more significant 
differences occurred as a function of height (and pollutant concentration) in both biofilters. In 
addition these differences were larger when relative quantities of microorganisms were taken into 
account than when only presence/absence was considered, suggesting that microbial community 
structures differed more in terms of relative abundance of each species rather than in terms of 
species richness. After shutdown of the toluene supply to a biotrickling filter, Cox and Deshusses 
(2002) found the biomass content on the packing decreasing as a first order function with respect 
to time. Also, the toluene-induced oxygen consumption rate approached zero after 5 days of non-
loading, which can be explained by a decreasing activity due to the absence of substrate. The 
endogenous respiration dropped with 60% after 2 days but remained constant afterwards, which 
could be explained by a switch from growth to maintenance metabolism in the biofilm. The re-
acclimatization of the biotrickling filters after 2 - 9 days of nonoperation took only about 10 h, 
while no significant biomass growth occurred, suggesting that re-acclimation merely consists of 
the induction of the toluene degradation pathway. 
 
Filterbed parameters: nutrients and pH. The effect of filterbed parameters on the microbial 
community composition can be difficult to determine, because of the simultaneous change of 
multiple parameters. Delhomenie et al. (2003) found that that an excess of urea-nitrogen in a 
compost biofilter favoured the growth of ammonium oxidizing bacteria, which in turn caused a 
decrease of the amount of specific xylene and trimethylbenzene degraders. The amount of toluene 
degraders was not affected. Concurrently, the elimination capacity for xylene and 
trimethylbenzene decreased, while for toluene it remained stable. This phenomenon has not been 
addressed in odour degrading biofilters, although it is likely that similar processes could occur 
there. A solution for this problem could be to avoid ammonia-N and to supplement nitrate-N. Song 
and Kinney (2000) observed that the total number of heterotrophs in a toluene degrading 
biotrickling filter increased after start-up, although nutrient limitation occurred in this phase. 
Afterwards, under nutrient-rich conditions, the number of heterotrophs remained relatively 
constant, suggesting that the microbial growth shifted from an active growth phase under nutrient-
limited conditions to maintenance metabolism under nutrient-rich conditions. Also Cherry and 
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Thompson (1997) found that microbial metabolism in a biofilter shifted from growth to 
maintenance kinetics following nutrient limitation. 
Webster et al. (1997) used the ratio of trans to cis monoenoic fatty acid concentrations (stress 
ratio) for indications of environmental stress exhibited by the community of microorganisms in 
GAC and compost biofilters. In Figure 1.9, the evolution of the microbial stress ratio in the 
different reactors is shown. Initially, all of the microbial communities exhibited low stress (stress 
ratio < 0.6). As the experiment proceeded, however, the stress ratio rose. The rise in stress ratio 
was closely associated with low pH conditions in the biofilters, caused by H2S degradation. 
Microorganisms in reactors with low pH (e.g. B9) quickly developed high stress levels, while this 
was not observed for microorganisms in reactors with pH > 4. The same authors further observed 
that a low pH induced a rise in cyclopropyl fatty acid cy19:0, which could be associated with 
acidophilic Thiobacillus species. The decreasing pH values in this study did not cause significant 
decreases of the VOC and H2S removal efficiencies. In addition, the highest microbial densities 
were observed at the end of the experiment, at the lowest pH values. This showed that the 
microbial communities could adjust to stressful conditions, either through acclimation of 
individual species or through change to dominance by low pH tolerant species.  
 
B1 (GAC, decreasing pH) 
B2 (GAC, decreasing pH) 
B3 (compost, decreasing pH) 
B4 (compost, high pH) 
B9 (GAC, low pH) 
 
 
 
 
 
 
 
Figure 1.9. Microbial stress ratio versus elapsed time and pH in GAC biofilters (B1, B2, B9) 
and compost biofilters (B3, B4) treating H2S and VOCs (Webster et al. 1997). 
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1.5. CONCLUSIONS 
 
Odorous emissions are very easily noticed by the general population. Although the number of 
people that are annoyed by odour has slightly decreased in Flanders over the past years, odour 
nuisance still remains one of the most relevant environmental problems. The application of 
biofilters and biotrickling filters for odour control has increased during the last decades, and a 
large amount of data has become available about the treatment of different odorous pollutants, 
either as single compounds or as mixtures. A lot of work has been done to determine the influence 
of variable operating parameters on the pollutant removal, to optimize the existing biological 
technologies and to create new reactor concepts.  
 
Regarding the microbiological aspects, efforts have been made the last decade to try to move away 
from the microbiological “black box” model in biofilters and biotrickling filters. Due to the 
inherent differences between both techniques, research has focussed on different aspects of their 
microbial ecology.  
In biofilters, a lot of efforts were made to identify the microorganisms inhabiting the organic filter 
matrices. A very large diversity of - often unknown - bacteria was found, and in some cases, 
previously unknown physiological functions could be attributed to isolated species. Some species 
seem to occur universally in biofilters, although these are few. Several studies indicated a 
continuously changing microbial community in time, which has important implications regarding 
biofilter sampling and representativeness of results.  
In biotrickling filters, studies have often focussed on the structure, microbial composition and 
activity of the biofilm. It was found that the microbial community composition was more stable 
than in biofilters, which is probably related to the increased options for process control. This 
aspect makes the research of the microbial ecology in these reactors of particular significance. 
Both reactor types usually exhibit spatial variation of the microbial community composition, due 
to the varying waste gas composition at different reactor depths. It is often assumed that the 
microorganisms responsible for the odour degradation are known. Recent results suggest, 
however, that alternative species than previously assumed could to be the primary degraders. 
Related with the former, there is also a lack of knowledge with respect to the need for inoculation. 
Most often easily accessible, (adapted) uncharacterised or common inocula are used, without 
thorough knowledge of the optimal type of inoculum for different waste gases, both with respect to 
pollutant removal and survival/growth after introduction in a bioreactor.   
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Based on this literature overview, we propose that the following aspects of the microbial ecology 
in biofilters and biotrickling filters should be further investigated: 
 
• The extent of inherent stability of the microbial ecosystem in bioreactors for waste gas 
treatment, and the influence of operational changes 
• Identification and possible manipulation of the “real” odour degrading microorganisms 
• Optimization of inoculation strategies, based on basic knowledge of the abilities of the 
inoculum to be effective in the bioreactors. 
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DEGRADATION OF ISOBUTANAL AT HIGH LOADING RATES IN A COMPOST 
BIOFILTER1
 
 
SUMMARY 
 
Biofiltration has been increasingly used for cleaning waste gases, mostly containing low 
concentrations of odorous compounds. To expand the application area of this technology, the 
biofiltration of higher pollutant loading rates has to be investigated. This paper focuses on the 
biodegradation of isobutanal in a compost biofilter at mass loading rates between 9 and 172 g m-3 
h-1 (30 – 590 ppmv). At mass loading rates up to 33 g m-3 h-1, near 100% removal efficiencies 
could be obtained. However, after increasing the loading rate to 63 - 79 g m-3 h-1, the degradation 
efficiency decreased to 62 – 98%. In addition, a pH decrease and production of isobutanol and 
isobutyric acid were observed. This is the first report showing that an aldehyde can act as electron 
donor as well as acceptor in a biofilter. To study the effects of pH, compost moisture content and 
electron acceptor availability on the biofiltration of isobutanal, isobutanol and isobutyric acid, 
additional batch and continuous experiments were performed. A pH of 5.2 reduced the isobutanal 
degradation rate and inhibited the isobutanol degradation, although adaptation of the 
microorganisms to low pH was observed in the biofilters. Isobutyric acid was not degraded in the 
batch experiments. High moisture content (51%) initially had no effect on the isobutanol 
production, although it negatively affected the isobutanal elimination increasingly during a 21 
days time course experiment. In batch experiments, the reduction of isobutanal to isobutanol did 
not decrease when the amount of available electron acceptors (oxygen or nitrate) was increased. 
The isobutanal removal efficiency at higher loading rates was limited by a combination of nutrient 
limitation, pH decrease and dehydration, the importance of each limiting factor depended on the 
influent concentration.   
 
                                                 
1 Redrafted after Sercu B, Demeestere K, Baillieul H, Verstraete W, Van Langenhove, H. 2005. 
Degradation of isobutanal at high loading rates in a compost biofilter. J. Air Waste Manage. 
Assoc. 55:1217-1227. 
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2.1. INTRODUCTION 
 
Volatile organic compounds are important environmental pollutants, since they contribute to 
tropospheric ozone formation, global warming, ozone depletion and, more locally, odour 
problems. In addition, a number of VOCs are toxic and/or carcinogenic. Carbonyl compounds are 
common intermediates and final products of combustion processes involving liquid or gaseous 
fossil fuels (de Joannon et al. 2001). Aldehydes are known for their high potential to form urban 
ozone formation (Wypych 2001) and in addition, they may cause health problems such as 
induction or exacerbation of asthma (Leikauf 2002). The compounds are industrially produced for 
applications in the synthesis of synthetic resins, odorants or dyes, pharmaceutics and plant 
protection products. Emissions originating from these industrial processes contain relatively high 
VOC concentrations, and are traditionally treated with physical-chemical end-of-pipe technologies 
such as incineration, carbon adsorption, absorption and condensation. Other processes, however, 
like composting, animal rendering and food processing, cause emissions with variable VOC 
concentrations. In rendering plants, for example, total VOC concentrations from 4 – 91 ppmv have 
been measured in the noncondensable gas streams (Karstner and Das 2003), while during aerobic 
composting of biowaste, Smet et al. (1999a) measured individual VOC concentrations up to 103 
ppmv. On the other hand, in the blower exhaust from a composting facility processing 
anaerobically digested sludge, Van Durme et al. (1992) observed individual VOC concentrations 
below 1 ppmv. Waste gases originating from this kind of processes often contain aldehydes, along 
with reduced sulfur compounds and inorganics (Friedrich et al. 2003) and can lead to odour 
nuisance in the environment. The aldehydes are formed during the degradation or processing of 
animal and plant materials by the breakdown of fatty acids in the Strecker degradation of amino 
acids (Van Langenhove 1987). In such cases, biological waste gas treatment technologies like 
biofilters are often used, because they provide a cost-effective and efficient alternative for the 
more traditional treatment technologies. 
Aldehydes are usually considered to be easily biodegradable in biofilters (Engesser and 
Plaggemeier 2000; Leson and Winer 1991; Williams and Miller 1992) and consequently, not much 
literature is available about the biofiltration of these compounds (Kennes and Thalasso 1998). In 
wood bark biofilters, for example, a hexanal removal efficiency of 85% was observed in short-
term experiments (t < 360 h) (Van Langenhove et al. 1989b), while for butanal, a mean removal 
efficiency of 97% was obtained for 84 days with supplementation of a nutrient solution 
(Weckhuysen et al. 1993), both at influent concentrations of 10 ppmv. For the latter biofilter, a 
maximum butanal elimination capacity of 90 g m-3 h-1 was observed (75% removal efficiency). 
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Mackowiak (1992) observed more than 90% removal of formaldehyde for a period of almost 5 
months, although pH control was needed due to acidification of the medium. However, no research 
was done on the causes of the observed pH decrease. In none of the studies investigating the 
biofiltration of aldehydes, attention was paid to the mechanisms contributing to the formation of 
by-products. Also, little knowledge is available about the degradation potential of biofilters for 
waste gases containing high (e.g. > 50 ppmv) aldehyde concentrations. Yet, industrial users and 
vendors of biofilters have been attracted by the concept of treating higher concentrations and 
operating at higher loading rates of VOCs in biofilters (Deshusses et al. 1999). In this way, the 
application area of biofiltration could be expanded from odour removal to the sanitation of 
specific, more concentrated air streams originating from a variety of industries. In Europe, the 
recently issued European Solvent Emissions Directive (1999/13/EC) will be an additional 
motivation for an increased implementation of the more economical biotechnologies for cleaning 
polluted waste gases. Therefore, the aim of this study is to investigate the compost biofiltration of 
isobutanal (IBAL) at medium to high loading rates (9 – 172 g m-3 h-1). In addition, experiments 
were performed to study critical factors in intermediate formation and degradation.   
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2.2. MATERIALS AND METHODS  
 
Laboratory-scale biofilters and batch degradation tests. Three continuous biofiltration 
experiments were conducted. In biofiltration experiment 1 (110 days), the effect of mass loading 
rate (Bv) on the removal of IBAL was investigated. In biofiltration experiment 2 (21 days), the 
effects of pH and moisture content on the biofiltration of IBAL and on the formation and/or 
degradation of its intermediates were investigated. A third short biofiltration experiment (7 days) 
was performed to investigate the effect of increased oxygen concentrations on the formation of 
isobutanol. 
The biofilter used in experiment 1 (Figure 2.1A) consisted of a Plexiglas column (internal 
diameter of 0.195 m and overall height 1 m), divided in three detachable parts for sampling 
purposes (section 1: inlet; section 2: middle; section 3: outlet). Gas sampling points were provided 
at the influent (port A) and effluent (port D), between section 1 and 2 (port B) and between section 
2 and 3 (port C). Each biofilter section was filled with 6.7 L of compost material, supported by a 
perforated plate. The compost was produced from source separated municipal organic waste (the 
garden, fruit and vegetable fraction) by the DRANCO process, i.e. anaerobic digestion followed by 
aerobic treatment (Gellens et al. 1995). Compost samples for microbiological and physical-
chemical analyses were taken by opening the biofilters during short interruptions of the air flow 
(maximum 30 min). Laboratory air was supplied at 33 L min-1 by a diaphragm pump (KNF 
Neuberger) and was humidified up to > 97% relative humidity (21 °C) in a scrubber before 
entering the biofilters in down flow mode (EBRT = 36 s). The gas flow rate was kept constant 
during the entire experiment. Until day 17, isobutanal was dosed by bubbling a calibrated air 
stream through an impinger containing the pure liquid compound (99+%, Acros Organics), kept at 
a constant temperature (25 °C). However, this resulted in oxidation of the isobutanal and the 
presence of partially oxidized compounds in the influent stream between day 5 and 17. Therefore 
isobutanal was further dosed by bubbling a calibrated nitrogen stream through the impinger. The 
set-up of the 3 biofilters used in biofiltration experiment 2 (Figure 2.1B) was similar to biofilter 
experiment 1, but only one section filled with 6.7 L of compost was used for each biofilter. All 
three biofilters were subject to the same EBRT (33 s) and influent concentration by dividing one 
influent stream of 36 L min-1 equally to the 3 biofilters, in an up flow direction. Gas sampling 
ports were provided before and after the biofilters. Biofilter 1 (BF 1) acted as the reference 
biofilter, with initial moisture content (w/w) and pH value of 36% and 8.4, respectively, while 
biofilters 2 (BF 2) and 3 (BF 3) had moisture contents of 51% and 36% and pH values of 8.0 and 
5.2, respectively. The initial pH value of 5.2 was obtained by adding diluted HCl to the compost. 
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The third biofiltration experiment was performed by using only one of the biofilters of biofiltration 
experiment 2 (EBRT = 33 s).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Experimental setup for biofiltration experiment 1 (A) and 2 (B), with FC: flow 
controller, Pa: diaphragm pump, Pl: liquid pump, IBAL: impinger with liquid isobutanal (25 
°C), ♦: gas sampling points. 
 
Two series of batch experiments were performed, the first one to investigate the degradation of 
isobutanal and its intermediates (isobutanol and isobutyric acid), the second one to investigate the 
isobutanal biodegradation after adding electron acceptors. The experiments were performed at 30 
°C in 250 mL Schott bottles that were provided with a septum. After adding the compost, the 
bottles were closed gastightly and volatiles were dosed through the septum on a small filter paper 
to allow for rapid evaporation. Depending on the pollutant investigated, 1.65 µL of pure liquid 
isobutanal, isobutanol or isobutyric acid was dosed, resulting in theoretical gas phase 
concentrations of about 1364 ppmv in the absence of compost. In the first series of batch 
experiments, 2 g of compost was added to the bottles. A bottle containing untreated compost and a 
reference bottle containing compost inactivated by drying (48 h at 105 °C) were prepared. The 
moisture content of the latter was adjusted to the value of the untreated compost with sterile 
deionised water. The concentration decrease measured with these samples was attributed to 
sorption, while the additional concentration decrease in bottles containing regular compost was 
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considered to be caused by biodegradation. Inactivation of the dried compost was verified by the 
absence of respiration during 7 days of incubation. By comparing the VOC removal in the active 
and in the inactive compost, it was verified that the biodegradation was high enough compared 
with sorption to produce reliable results in these batch tests.  
In the second series of batch experiments, 1 g of compost was used and nitrate and oxygen were 
added to change the amount of available electron acceptors. This was done by adding 0.2 mL of 5 
g NO3--N L-1 to the compost or by adding 0.2 mL distilled water to the compost and flushing with 
100% O2 (100% relative humidity) during 72 h. Also, a control was prepared by adding only 0.2 
mL distilled water to 1 g of compost before putting this into the bottle. The moisture content of the 
compost material was set to 45% for all experiments. The VOC degradation rates in all 
experiments were calculated as the negative slope of the straight regression line obtained by 
plotting the logarithms of the ratio of the concentration at time x and the concentration at time zero 
(units: min-1) as a function of time. The isobutanol production rate in the second batch experiment 
was expressed as the slope of the straight regression line obtained by plotting the isobutanol 
concentration as a function of time (units: g m-3 h-1). All batch experiments were performed in 
duplicate. 
 
Analysis of the pollutants. Concentrations of VOCs were measured with a Varian 3700 gas 
chromatograph (GC), equipped with a flame ionisation detector (FID) and a 30 m DB-5 capillary 
column (J&W Scientific, internal diameter 0.53 mm; film thickness 1.5 µm) with He as carrier 
gas. Using a Pressure-Lok Precision Analytical Syringe (Alltech Ass.), 1 mL gas samples were 
taken. The lower limit for quantification of the different VOCs (1 ppmv) was determined by 
measuring decreasing standard concentrations until a reproducible signal was no longer obtained.  
Identification of gaseous intermediates was performed by comparing the residence time of the 
unidentified peaks in the chromatogram with the retention time of some likely intermediates. In 
addition, 100 µL gas samples were injected in a GC-MS apparatus, consisting of a Varian 2700 
GC fitted with an FID and a MAT 112 mass spectrometer. A 60 m 100% polydimethylsiloxane 
(PDMS) column was used (internal diameter 0.53 mm; film thickness 1.5 µm) with He as carrier 
gas. A temperature program was used, increasing from 25 to 100 °C at 2 °C min-1, and then further 
to 250 °C at 4 °C min-1. Mass spectrometer conditions were as follows: source pressure, 10-6 Torr; 
electron energy, 70 eV; scan range, 40-250 m/e; scan speed, 2.5 s scan-1. Identification of organic 
acids in the compost was performed by solvent extraction. Therefore, 5 g of compost was mixed 
with 15 mL of H2PO4-/HPO42- buffer (pH 7) and shaken for 20 min. The liquid fraction was then 
separated from the compost by means of a Büchner filter and filter papers (Qual 15; 90 mm, 
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Ederol). Subsequently, 2 mL of diethylether and 0.1 g of NaCl were added per 5 mL of filtrate, 
which was then acidified to a pH < 2 with HCl. The ether phase was transferred to a test tube and 
evaporated until a volume of 0.1 mL was obtained, of which 1 µL was injected in the GC-MS 
apparatus as described above.    
 
Analysis of the biofilter material. For the analysis of the physical-chemical parameters of the 
compost, the upper part of each biofilter section was mixed before taking samples. The moisture 
content was calculated from the weight difference before and after drying 5 g of compost material 
at 105 °C to constant weight (typically 24 hours). The pH was measured with an electronic pH 
sensor (Jenway 3310) after mixing 2 g of compost with 20 mL of distilled water during 20 min. To 
analyse the NH4+-N and (NO2-+NO3-)-N content of the compost, an extract was prepared by 
mixing 5 g of compost with 25 mL 1N KCl. This solution was shaken for 1 h. The compost was 
separated from the liquid phase by means of a Büchner filter and filter papers (Qual 15; 90 mm, 
Ederol). Analysis of the NH4+-N and (NO2-+NO3-)-N contents was performed by steam distillation, 
as previously described (Demeestere et al. 2002).  
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2.3. RESULTS  
 
2.3.1. Biofiltration experiment 1 (long term isobutanal biofiltration) 
 
In the first biofiltration experiment (110 days), the effect of mass loading rate (Bv) on the removal 
of IBAL was investigated. In Figure 2.2, IBAL concentrations and mass loading rates measured at 
the different sampling ports are shown as a function of time. The experiment was subdivided in 
three periods, according to the applied IBAL influent loading rates.  
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Figure 2.2. Isobutanal concentrations (left axis) and mass loading rates (right axis) measured 
at the different samplingports (A , B, C, D) during biofilter experiment 1. The 3 different 
periods are separated by the dashed lines and indicated with I, II and III.   
 
During period I (day 0 – 38) the biofilter was subject to IBAL loading rates from 9 - 43 g m-3 h-1. 
Immediately after start-up, at a loading rate of 32 g m-3 h-1, no IBAL was detected in the effluent 
(> 99% removal efficiency). At the end of period I, a maximum EC of 33 g m-3 h-1 was obtained, at 
a removal efficiency (η) > 99%. The initial instability of the influent concentration was due to 
problems with the IBAL dosing until day 24. In Table 2.1, the physical-chemical compost 
parameters are shown. During period I a gradual decrease of the compost pH could be observed, 
especially in biofilter section 1, where a value of 5.9 was measured on day 36. The moisture 
content increased slightly from 47% (day 0) to 49 – 54% (day 36). Changes in both operational 
parameters didn’t affect the biodegradation efficiency of IBAL in the biofilter. On day 24, the 
IBAL inlet loading rate increased from 13 to 32 g m-3 h-1. At the same time, isobutanol (IBOL) 
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was detected in port B. However, an earlier increase of the LR from 15 to 43 g m-3 h-1 on day 11 
did not result in IBOL detection. From day 38 on, IBOL could also be detected in the effluent of 
the biofilter, as shown in Figure 2.3. Because the pH on day 24 was lower than on day 11, it could 
be a determining factor in the production of IBOL. Additional experiments were carried out to 
investigate the effect of pH and moisture content on the formation and/or degradation of IBOL 
(see below). 
 
Table 2.1. Compost parameters during experiment 1. Moisture and nitrogen content are 
expressed on a wet and dry weight (DW) basis, respectively. On day 89 and 93, a mineral 
medium was added to the compost. The measurement on day 103b was performed after 
adding tap water to the compost. Measurements below the detection limit (0.01 g N kg-1 DW) 
were indicated as < dl. Values that were not determined were left blanc. 
Period    I       II    III    
Day 0 9 18 36 43 58 71 86 89 93 96 102 103 103b 113 
pH                
Section 1 8.2 6.6 6.0 5.9  5.5 4.9 4.4  4.6 5.0 4.7   4.7 
Section 2 8.2 7.3 6.9 7.7  4.9 5.0 4.7  4.8 5.2 5.2   5.1 
Section 3 8.2 7.3 7.4 8.7 7.9 5.9 5.6 4.7  5.2 5.3 5.9   5.7 
Moisture content (%) 
Section 1 47 47 50 53  47 48 51 53 43  32  50 38 
Section 2 47 49 51 49  48 52 48  52  46 40 50 48 
Section 3 47 45 51 54  53 58 51  57  60 44 50 52 
NH4+-N (g kg-1 DW) 
Section 1 1.14      0.02 0.11 0.24   0.03   0.03 
Section 2 1.14      0.02 0.02  0.29  0.03   0.02 
Section 3 1.14      0.04 0.04    0.05   0.01 
(NO2- + NO3-) -N (g kg-1 DW) 
Section 1 0.25      0.04 < dl 0.17   0.14   0.05 
Section 2 0.25      0.04 0.05  0.16  0.05   0.03 
Section 3 0.25      0.01 < dl    0.01   0.01 
 
In period II (day 39 – 86), the inlet loading rate was further increased and reached 64 ± 8 g m-3 h-1 
during day 54 – 86. After an initial lower removal efficiency during adaptation to these higher 
loading rates, a removal efficiency of 86 ± 2% was observed, at a Bv of 70 ± 7 g m-3 h-1 (day 60 – 
82). In this period, an ECmax of 71 g m-3 h-1 was obtained (η = 90%). IBOL was formed in section 1 
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and measured in the effluent all through period II. By comparing Figures 2.2 and 2.3, it is clear 
that IBOL outlet concentrations correlate well with IBAL influent concentrations (R² = 0.93 (n = 
25) from day 39 – 93). Peak concentrations of 62 ppmv IBOL were measured at an IBAL influent 
concentration of 316 ppmv (92 g m-3 h-1). Besides IBOL, a second compound, isobutyric acid 
(IBAC), could be identified in the effluent gas from day 47 on, as shown in Figure 2.3. On day 65 
and 101, respectively, IBAC peak concentrations of 61 and 71 ppmv were measured at the biofilter 
outlet. However, the gaseous IBAC concentrations were generally lower than the IBOL 
concentrations and were typically in the range 10 – 30 ppmv. The effluent IBAC concentrations 
did not correlate with the influent IBAL concentrations (R² = 0.0011 (n = 25) from day 47 – 93). 
In all three sections of the biofilter, a pH decrease was observed during period II, reaching a 
minimum pH of 4.4 - 4.7 on day 86. The moisture content of the compost remained rather constant 
for the three biofilter sections, but the NH4+-N and (NO2-+NO3-)-N contents decreased to almost 
zero (Table 2.1).  
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Figure 2.3. Effluent concentrations of isobutanol (IBOL out) and isobutyric acid (IBAC out) 
measured during biofilter experiment 1. The periods with different loading rates are 
separated by the dashed lines and indicated with I, II and III.    
 
In period III (day 87 – 113), the effect of higher IBAL influent loading rates, stripping of IBAC 
and mineral nutrient addition was examined. A sharp peak in the influent loading rate from 56 to 
127 g m-3 h-1 on day 87 immediately resulted in a drop of the IBAL removal efficiency from 77 to 
50%. In addition, an IBOL concentration of 92 ppmv was measured in the effluent at the same 
time. After a decrease of the IBAL loading rate on day 89, the removal efficiency returned to 
previously obtained levels. On day 89 (after measurement of the gas concentrations) and day 93, 
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respectively, 1 L and 300 mL of a nutrient solution was mixed with the biofilter material. The 
nutrient solution used contained 3 g L-1 NH4Cl, 5 g L-1 KNO3, 3 g L-1 K2HPO4, 3 g L-1 KH2PO4, 
0.5 g L-1 MgSO4.7H2O, 0.1 g L-1 FeSO4.7H2O and 57 g L-1 NH4Cl and 7 g L-1 KNO3. This 
resulted in increased nitrogen concentrations in the compost material, as shown in Table 2.1. In 
addition, IBAL was not dosed in the influent gas from day 93 to 95, in order to strip the 
accumulated IBAC from the biofilter material. After this treatment no IBAC was measured in the 
effluent on day 96 (Figure 2.3) and the pH increased slightly (Table 2.1). From day 96 on, loading 
rates up to 159 - 172 g m-3 h-1 were applied. Initially, η increased to 99% (day 96), but decreased 
rapidly afterwards to 64% (day 102). In the same time period, a clear drop in moisture content 
(from 43 to 32% in section 1) and nitrogen content were observed (Table 2.1). From day 102 to 
106, IBAC was stripped from again the biofilter. The moisture content was adjusted to 50% by 
adding distilled water to the compost. This resulted in high and stable elimination capacities of 73 
± 3 g m-3 h-1 (η > 95%) from day 107 until day 113. However, the moisture content again 
decreased rapidly during the removal of the high inlet concentrations, as displayed in Table 2.1.  
 
2.3.2. Biofiltration experiments 2 and 3 (influence of pH, moisture content and oxygen dosing) 
 
Additional continuous biofiltration experiments were performed to investigate the effect of pH and 
moisture content on the biofiltration of IBAL and on the formation and/or degradation of its 
intermediates. By increasing the moisture content, it could be determined if increased oxygen 
limitation stimulated IBOL formation, because a thicker water layer reduces the oxygen transfer 
rate to the biofilm, compared with the IBAL transfer rate. Before these experiments were started, 
the biofilter material used in biofiltration experiment 1 was air-stripped in order to remove the 
remaining IBAC. The removal of IBAC was demonstrated by an increase of the compost to pH 7 
and by the absence of IBAC in the extracted organic acids from the air-stripped compost, as 
measured by GC-MS analysis. Next, 710 mL of a nutrient solution containing 10.4 g L-1 NH4Cl 
and 19.7 g L-1 KNO3, was added to each biofilter. Biofiltration experiment 2 was subdivided in 
three periods, according to the IBAL influent concentrations: period I (day 0 – 7, 53 ± 14 g m-3 h-
1), period II (day 7.3 – 12, 194 ± 15 g m-3 h-1) and period III (day 13 – 21, 54 ± 13 g m-3 h-1).  
IBAL loading rates and inlet concentrations are given in Figure 2.4A, while the IBAL removal 
efficiencies are summarized in Table 2.2. From Table 2.2 it is clear that in BF 2, the removal 
efficiency was as good as in the control biofilter during period I, but after day 7, after increasing 
the inlet concentration, η decreased compared with that of the control biofilter. BF 3 needed a 
period of adaptation to the low pH value, but after 12 days, the removal efficiency was about equal 
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as in the control biofilter. The pH values of the different biofilters are shown in Figure 2.5. The pH 
decreases sharply when high IBAL loads are applied from day 7, although this decrease is 
reversible if the IBAL loads decrease again from day 12. The moisture content in the 3 biofilters 
remained quite constant, being 32 ± 3%, 53 ± 2% and 37 ± 2% for BF 1, 2 and 3, respectively. 
Table 2.2 shows that the IBAL removal efficiencies during period III were the lowest in BF 2, 
meaning that in the long term, a moisture content above 51% appeared to have a more negative 
effect on the IBAL removal efficiency than pH values as low as 4. 
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Figure 2.4. Biofiltration experiment 2. A: Influent and effluent isobutanal concentrations 
(left axis) and loading rates (right axis). B: effluent isobutanol concentrations for biofilters 1, 
2 and 3. The 3 periods are separated with dashed lines. 
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Table 2.2. Summary of the IBAL loading rate, the IBAL removal efficiency and the IBOL 
formation during biofiltration experiment 2 (mean ± standard deviation). The IBOL 
emissions during period II are calculated from day 8 to 12, because of the delay in IBOL 
production following the IBAL concentration increase. 
Period  I  
(day 1 – 7) 
II  
(day 7.3 – 12) 
III  
(day 13 – 21) 
1. IBAL loading rate (g m-3 h-1)  53 ± 14 194 ± 15 54 ± 13 
2. IBAL removal efficiency (%)   BF 1 97 ± 1 75 ± 18 91 ± 6 
   BF 2 97 ± 5  56 ± 20 62 ± 10  
   BF 3 61 ± 12 40 ± 22 92 ± 4 
3. IBOL emission (ppmv)   BF 1 0 ± 1 47 ± 3 2 ± 2 
   BF 2 0 46 ± 7 4 ± 2 
   BF 3 13 ± 4 139 ± 9 4 ± 3 
 
 
 
Figure 2.5. Biofiltration experiment 2: pH values for biofilters 1, 2 and 3. The 3 periods are 
separated with dashed lines. 
 
During period I, no IBOL was detected in the effluent of BF 1 and 2 (Figure 2.4B, Table 2.2). In 
BF 3, however, IBOL emissions were higher than 9 ppmv from day 0 on and increased with 
increasing IBAL influent concentrations. Table 2.2 shows that after the sharp increase in IBAL 
influent concentration in period II, IBOL was measured in the effluent of all three biofilters, 
although the concentration was much higher for BF 3 than for BF 1 and 2. For the calculation of 
the mean and standard deviation of the IBOL concentration during period II in Table 2.2, the value 
from day 7.3 was not used because of the delay in the IBOL production after the IBAL inlet 
concentration increase on day 7. At the end of period III (day 20 – 21), after an increase of the 
influent IBAL concentration, the IBOL effluent concentrations were 4 ppmv and 8 – 9 ppmv for 
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BF 2 and 3, respectively, while no IBOL was detected in the effluent of BF 1 (Figure 2.4B). IBAC 
was measured in the effluent from day 9 in all biofilters (17 – 27 ppmv). From day 12 on, the 
IBAC concentrations started to decrease, until it was no longer detected in the effluents of BF 1 
and 3 (day 13 – 14) and later of BF 2 (between day 14 and 19).  
 
In a third short continuous biofiltration experiment (results not shown), it was shown that the 
IBAL degradation and the IBOL formation were the same when air (21% oxygen) or pure oxygen 
(during 4 h) was supplied to the biofilter. Upon air supplementation, 322 ppmv IBAL was 
removed for 95%, while upon oxygen supplementation, 285 ppmv IBAL was also removed for 
95%. The IBOL formation was about 5% in both cases.  
 
2.3.3. Batch degradation experiments 
 
The results of the batch experiments are summarized in Table 2.3. The reference compost is 
compost with pH 8.4 and 36% moisture content. The first series of batch degradation experiments 
was performed to investigate the biodegradation of IBAL, IBOL and IBAC as single compounds 
in the compost material. At reference conditions, the removal rate of IBAL (0.050 min-1) was 
higher than for IBOL (0.025 min-1). At pH 5.2 the IBOL removal rates decreased to 0.001 min-1, 
being lower than when only sorption was determined (0.008 min-1). The latter can be attributed to 
the higher sorption of VOCs at low pH. For IBAC, no biodegradation was observed during the 
studied time interval of 94 min (results not shown). A second set of batch degradation tests was 
performed to determine if addition of electron acceptors (oxygen and nitrate) would decrease the 
IBOL formation during IBAL degradation. In these experiments, bottles containing (i) compost 
(control), (ii) compost after flushing for 72 h with oxygen and (iii) compost with 0.2 mL 5 g NO3--
N L-1 were used. The IBAL removal is slightly faster for the control test (0.0060 min-1), compared 
to the bottles with increased oxygen (0.0050 min-1) and nitrate (0.0045 min-1) concentrations, but 
no positive effect from adding electron acceptors was observed. The IBOL production rate during 
IBAL degradation was 0.11 g m-3 h-1 for the reference, while after addition of oxygen or nitrate, 
values of 0.11 g m-3 h-1 and 0.10 g m-3 h-1 were measured, respectively. When the ratio of the 
IBOL production and the IBAL degradation were compared (Table 2.3), it was clear that no 
reduction of the IBOL formation was observed upon addition of electron acceptors, after 
normalizing the data for the IBAL degradation.  
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Table 2.3. IBAL and IBOL removal rates in batch experiments (min-1). IBOL formation is 
expressed in g m-3 h-1. Values that were not determined are indicated with nd. 
1. Comparison of batch degradation Reference Dry (sorption) pH 5.2 
 IBAL degradation 0.050 < 0.001 nd 
 IBOL degradation 0.025 0.008 0.001 
2. After electron acceptor addition Reference + Oxygen  + Nitrate 
 IBAL degradation 0.0060 0.0050 0.0045 
 IBOL production 0.11 0.11 0.10 
 IBOL production/IBAL degradation 18 22 22 
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2.4. DISCUSSION 
 
2.4.1. Biofiltration of isobutanal 
 
The immediate high elimination efficiencies (> 99%) in biofiltration experiment 1 demonstrate 
that the compost biofilter required no adaptation period to remove medium influent concentrations 
of IBAL (30 – 112 ppmv). Other authors, on the contrary, have found that it took at least 2 to 3 
days before maximum removal efficiencies of 85% and 97% were obtained for 10 ppmv hexanal 
(Van Langenhove et al. 1989b) or butanal (Weckhuysen et al. 1993) in a wood bark biofilter. It is 
not clear, however, if these longer adaptation periods were caused by lower influent 
concentrations, differences in biofilter material or other reasons. The possibility that low influent 
concentrations cause a slow start-up can be supported by the occurrence of a diffusion controlled 
regime (Ottengraf and Vanden Oever 1983). In this case, a larger portion of the biofilm is exposed 
to VOCs if higher influent concentrations are applied, which can lead to a more rapid development 
of the actively degrading biofilm. This hypothesis is further supported by Kiared et al. (1997), who 
explained higher VOC elimination capacities at increased gas concentrations (for the same loading 
rate) by an increased microbial activity induced by the increased VOC concentrations. For other 
VOCs, reported adaptation periods range from e.g 0 days for methanol (400 ppmv) to 7 - 10 days 
for alpha-pinene (30-35 ppmv) (Mohseni and Allen 1999). 
During period II, a maximum EC of 71 g m-3 h-1 (47 g VOC-C m-3 h-1) was obtained for IBAL (η = 
90%). This is lower than ECmax values reported for the degradation of other readily biodegradable 
VOCs in biofilters, e.g. 175 g m-3 h-1 for ethanol (91 g VOC-C m-3 h-1, η = 95%) (Togna and Singh 
1994) and 423 g m-3 h-1 for methanol (159 g VOC-C m-3 h-1, η = 91%) (Demeestere et al. 2002), 
even if expressed as g VOC-C m-3 h-1 to standardise for stoichiometric oxygen demand. This lower 
EC can partly be due to the fact that branching usually reduces the rate of biodegradation (Fritsche 
and Hofrichter 2000; Schaeffer et al. 1979). 
Furthermore, during period III it was shown that the long-term stability of a compost biofilter 
degrading relatively high IBAL loading rates (56 - 172 g m-3 h-1) may be limited by three 
important factors: shortage of mineral nutrients, pH decrease and dehydration. The importance of 
the first two factors was shown after nutrient addition and stripping of the IBAC from the compost 
by omitting IBAL from the influent. Both treatments were efficient to improve the biofilter 
performance, since η increased to 97 ± 2% at 76 ± 4 g m-3 h-1 IBAL (day 107 – 113) compared 
with 85 ± 4% at 69 ± 7 g m-3 h-1 IBAL (between day 58 – 86). However, during the elimination of 
the highest IBAL influent loading rates (159 – 172 g m-3 h-1), the pH decreased quickly due to 
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IBAC formation, and drying out of the biofilter was very significant, mainly in section 1 where the 
largest part of the IBAL was removed. Dehydration of the compost bed at high VOC influent 
concentrations was previously described. van Lith et al. (1997) calculated that moisture removal 
due to heat formation during biooxidation becomes significant as VOC inlet concentrations and 
volumetric elimination capacities approach 0.5 g m-3 and 50 g m-3 h-1, respectively. These 
conditions were largely exceeded in this biofilter during period III.  
A closer inspection of the concentration profile of IBAL along the biofilter (Figure 2.2), revealed 
that the inlet concentration of biofilter section 1 in period I (97 ± 14 ppmv; day 24 - 36) is similar 
to the inlet concentration of section 3 in period II (83 ± 14 ppmv; day 44 -86). Nevertheless, the 
removal efficiency obtained in section 3 (26 ± 7% between day 44 - 58 and 54 ± 8% between day 
59 - 86) is lower than that observed in section 1 (72 ± 6% between day 24 to 36). The lower 
performance of section 3 could be caused by different factors, like (i) the occurrence of an 
adaptation period, (ii) low pH, (iii) toxicity of intermediates, (iv) inadequate moisture content and 
(v) oxygen and/or (vi) nutrient limitation. 
The lack of adaptation and a too low pH value are unlikely causes for the lower performance, 
because in section 1 they did not limit the IBAL degradation during the first period of biofiltration 
experiment 1. Adaptation of the microorganisms to low pH can occur either by adaptation of the 
indigenous microbiota or by a shift to a more acidotolerant IBAL degrading microbial community. 
Because the compost pH and IBAC concentrations are dependent of each other, a prolonged 
inhibitory effect due to IBAC toxicity is not likely for the same reason as mentioned for the pH.  
Because the maximum removal efficiency in section 3 was obtained at day 71, i.e. when the 
compost moisture content was maximal (58%), moisture content can also not be the limiting 
factor. Furthermore the moisture content of section 3 remained between 47 and 58% (periods I and 
II), which is in the range usually considered to be optimal for organic biofilter materials (Leson 
and Winer 1991; McNevin and Barford 2000; van Groenestijn and Hesselink 1993). 
To assess the possibility of oxygen limitation, the maximum biofilm IBAL concentration ( ) at 
the air-biofilm interface, at which no oxygen limitation occurs, was calculated, according to Smith 
et al. (2002). Assuming that IBAL is the sole electron donor and given that  = 8.27 mg L
IBALS
2OS
-1 
(maximum solubility in water at 25 °C with conductivity = 1820 µS cm-1), oxygen limitation 
within the biofilm will occur if: 
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In eq. 2.1, ν, MW and D represent stoichiometric coefficients, molecular weights and diffusion 
coefficients (2.42 x 10-5 cm² s-1 for oxygen and 1.09 x 10-5 cm² s-1 for IBAL in water at 25°C, 
calculated according to the equations of Wilke and Chang (1955)), respectively. According to eq 1, 
oxygen limitation occurs if  = 7.51 mg LIBALS
-1, corresponding to ~18.5 ppmv as equilibrium gas 
phase concentration (with H = 0.00736). In our experiments, the inlet IBAL concentrations in 
section 3 always exceeded this concentration and consequently, oxygen shortage will limit the 
IBAL biodegradation. It can, however, not explain the lower IBAL degradation efficiency 
compared with section 1 during period I, because O2 will be limiting in both cases.  
A last important factor is the nutrient content of the filter material, and mainly the inorganic 
nitrogen content. Table 2.1 showed that on day 71, NH4+-N and (NO2- + NO3-)-N concentrations in 
section 3 were both 0.04 and 0.01 g N kg-1 DW, respectively. This low compost nitrogen content 
indicates that nitrogen limitation is probably limiting the IBAL removal in this biofilter section. 
This can also be illustrated by calculating the approximate cumulative removed carbon (164 g C 
kg-1 DW) and the corresponding nitrogen demand (15.4 g N kg-1 DW, based on a cell yield 
coefficient of 0.4 g biomass-C g-1 substrate-C and cell composition = C5H7O2N), until day 71. 
Because the nitrogen demand is much larger than the initially present compost nitrogen content 
(1.39 g N kg-1 DW), nitrogen will be quickly depleted and nitrogen limitation will occur. In this 
case, microorganisms can only use nitrogen recycled from dead biomass. According to Cherry and 
Thompson (1997), all biofilters normally operate under these stationary phase conditions, without 
net growth of the microorganisms, unless nitrogen is regularly supplied. This is also in accordance 
with the results of Demeestere et al. (2002), who found that nitrogen limitation occurred in a 
methanol degrading biofilter at nitrate concentrations lower than 0.09 g NO3--N kg-1 compost. The 
latter authors regarded this concentration as the threshold for the amount of microbial available 
nitrate, since lower nitrate concentrations were not measured. This threshold corresponds with the 
start of the stationary phase as mentioned by Cherry and Thompson (1997). Furthermore, it is 
believed that the IBAL removal in all biofilter sections was limited by a low compost nitrogen 
content, since from day 71, (NO2- + NO3-)-N and NH4+-N concentrations were mostly smaller than 
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0.05 g N kg-1 DW. Nitrogen limitation is further supported by the increase of the total IBAL 
removal efficiency after adding a nutrient solution to the compost material during period III.  
 
2.4.2. Formation and degradation of intermediates 
 
During the biofiltration of isobutanal, the formation of isobutanol as well as isobutyric acid was 
observed. The formation of intermediates during the biofiltration of VOCs has been observed 
previously. For example, Deshusses et al. (1999) measured ethanol production during biofiltration 
of ethyl acetate (at about 2600 ppmv influent concentrations) and butyric acid was measured in the 
effluent during biofiltration of butanal, although the concentration at which this occurred was not 
specified (Weckhuysen et al. 1993). Also, acidification of a biofilter treating formaldehyde was 
experienced, but no data were given with respect to pH values and aldehyde concentrations 
(Mackowiak 1992). Devinny and Hodge (1995) associated rapid ethanol degradation with the 
production of acetaldehyde, acetic acid and ethyl acetate and consequently also with pH reduction, 
inhibiting optimal VOC treatment. The main reason for the formation of by-products at high loads 
was found to be oxygen limitation (Shareefdeen et al. 1993), although other authors mentioned 
nutrient limitation as a possible reason (Perez et al. 2002; Weckhuysen et al. 1993). In this study, 
pH was shown to be most important with respect to the formation of IBOL. Low pH values 
increased IBOL emissions, although adaptation occurred, resulting in less IBOL emissions over 
time.  
In biofiltration experiment 1, IBAC was measured in the effluent after increasing the influent 
IBAL concentrations to about 300 ppmv (day 47). Although no statistically significant correlation 
was observed between IBAC effluent and IBAL influent concentrations, a relation between both 
concentrations was observed. This is illustrated by the temporary increased IBAC effluent 
concentrations after IBAL peak loadings at days 87 and 100, although with some delay. The low 
correlation with the influent IBAL concentrations was probably due to accumulation of IBAC in 
the filterbed, indicated by the continuous pH decrease until day 86. This accumulation can be 
explained by the low Henry’s Law constant (5.16 x 10-5 at 25 °C) and the low biodegradability of 
IBAC. The latter was shown in batch degradation experiments and is in accordance with the low 
removal efficiencies previously observed for butyric acid in a wood bark biofilter (72 – 80% at 6 
ppmv influent concentration, EC = 1.5 – 1.7 g m-3 h-1), being much lower than that of butanal in 
the same biofilter (EC = 90 g m-3 h-1) (Weckhuysen et al. 1993). In biofiltration experiment 2, the 
IBAL influent concentrations were proportional with the IBAC effluent concentrations (again with 
some delay of the IBAC change) and inversely proportional with the pH. This relation was 
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reversible, because the pH increased again after the IBAL influent concentration decreased on day 
13. It is probably due to the more controlled influent IBAL concentrations in biofilter experiment 2 
(3 periods with large concentration differences and small internal concentration variability) that 
this relation was more pronounced than in biofiltration experiment 1. The pH increase at low 
IBAL influent concentrations (when no additional IBAC is produced) can be caused by stripping 
and/or microbial degradation of IBAC, although the latter was expected to be slow. Furthermore, it 
was shown that IBAC concentrations were not largely affected by the moisture content and pH of 
the biofilter material.  
IBOL was measured as a second intermediate during isobutanal biofiltration, mostly at higher 
effluent concentrations than IBAC. The majority of the IBOL measurements showed increasing 
concentrations in the consecutive biofilter sections. This indicated that the IBOL production rate 
was higher than its degradation rate. In contrast with IBAC formation, the IBOL production from 
IBAL is the result of a reduction process. This suggests that IBAL can be used as an electron 
donor as well as an electron acceptor in the biofilter, even when the biofilter is operated under 
aerobic conditions (21% oxygen in incoming air). No higher production of IBOL was measured, 
however, at 51% compared with 36% moisture content. To confirm that oxygen limitation was not 
important for the IBOL formation, IBAL was dosed in air with 21% oxygen in a short third 
biofilter experiment (results not shown). After dosing IBAL in pure oxygen for 4 h, neither the 
IBAL nor the IBOL effluent concentrations decreased. Also, batch experiments could not prove a 
decreased IBOL formation when increased electron acceptor concentrations were available. The 
pH was a more important factor controlling the IBOL production, as was shown in biofilter 
experiment 2. A low pH (5.2 compared with 8.4) resulted in higher IBOL emissions the first 12 
days of biofilter experiment 2. Thereafter, adaptation to low pH occurred, but when the inlet IBAL 
concentration increased again, higher IBOL emissions were measured for the biofilter at low pH. 
Also batch degradation experiments revealed a very slow IBOL degradation rate at pH 5.2 
compared with pH 8.4.  
The net standard potentials (E°net) of the IBAL oxidation and reduction reactions were calculated, 
assuming that NADH acted as the reductans during the IBAL reduction process. The standard 
potentials (E°) of the half-reactions for IBAL were estimated as described by Tratnyek and 
Macalady (2000) (equations 2.2 – 2.7). The E°net values were positive and similar for both the 
IBAL reduction and oxidation, showing that the reactions were thermodynamically favourable 
under standard conditions.  
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The half-reactions and balanced reactions are: 
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2.5. CONCLUSIONS 
 
Biodegradation of isobutanal in a compost biofilter was possible at > 99% removal efficiencies for 
volumetric influent loading rates up to 33 g m-3 h-1 (112 ppmv at 36 s EBRT). At higher influent 
concentrations (about 200 – 300 ppmv), the removal efficiency decreased initially, but stabilized at 
86 ± 2% (Bv = 70 ± 7 g m-3 h-1) for at least 20 days. Inspection of the operational parameters, 
however, revealed that at these higher loading rates mineral nutrient limitation and low pH 
decreased the isobutanal removal efficiencies. After nutrient addition, elimination capacities up to 
76 g m-3 h-1 were obtained (η = 95%). At even higher loading rates (159 – 172 g m-3 h-1) 
dehydration occurred rapidly, in addition to nutrient limitation and a pH decrease. The pH 
decrease was caused by production and accumulation of isobutyric acid. The formation of 
intermediates (isobutanol and isobutyric acid) was observed at isobutanal influent concentrations 
higher than about 140 ppmv. Low pH was an important factor controlling the emissions of 
isobutanol, although adaptation to low pH values occurred. The persistence of intermediates in the 
effluent was caused by a slow degradation rate of these compounds in the compost material.  
A combination of the results of both the continuous and batch experiments leads to the overall 
conclusion that degradation of medium to high isobutanal loading rates in a compost biofilter 
results in acidification of the filter material, caused by the accumulation of isobutyric acid. Also 
nutrient limitation is quickly observed at high elimination capacities. Consequently, isobutanal 
degradation decreases and isobutanol is formed as a by-product, resulting in decreasing VOC 
elimination capacities in the biofilter. Therefore, it is recommended to include a pH buffer for the 
treatment of medium influent loads of isobutanal, and possibly also for other aldehydes. Besides 
pH buffering and moisture control, regular addition of mineral nutrients is necessary if higher 
VOC elimination capacities have to be obtained.  
 
 
ACKNOWLEDGMENTS 
 
The authors acknowledge Peter Machilse at IGEAN for providing the compost material. 
 
 
 
 
 
 
 
64 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
YCHAPTER 3Z 
 
H2S DEGRADATION IS REFLECTED BY BOTH THE 
ACTIVITY AND COMPOSITION OF THE MICROBIAL 
COMMUNITY IN A COMPOST BIOFILTER 
 
 
CHAPTER 3 
 
 
H2S DEGRADATION IS REFLECTED BY BOTH THE ACTIVITY AND COMPOSITION 
OF THE MICROBIAL COMMUNITY IN A COMPOST BIOFILTER1
 
 
SUMMARY 
 
In this study, 16S rRNA- and rDNA-based denaturing gradient gel electrophoresis (DGGE) were 
used to study the temporal and spatial evolution of the active microbial communities in a compost 
biofilter removing H2S and in a control biofilter without H2S loading. During the first 81 days of 
the experiment, the H2S removal efficiencies always exceeded 93%, at loading rates between 4.1 
and 30 g m-3 h-1. Afterwards the H2S removal efficiency decreased to values between 44 and 71%. 
RNA-based DGGE analysis showed that H2S loading to the biofilter increased the stability of the 
active microbial community, but decreased the activity-based diversity and evenness. The most 
intense band in both the RNA- and DNA-based DGGE patterns of the H2S degrading biofilter 
represented the sulfur oxidizing bacterium Thiobacillus thioparus. This suggested that T. thioparus 
constituted major part of the bacterial community and was an important primary degrader in the 
H2S degrading biofilter. The decreasing H2S removal efficiencies near the end of the experiment 
were not accompanied by a substantial change of the DGGE patterns. Therefore, the decreased 
H2S removal was probably not caused by a failing microbiology, but rather by a decrease of the 
mass transfer of substrates after agglutination of the compost particles. Significant changes in the 
ammonium oxidizing bacterial community were observed during malfunctioning of the biofilter, 
but also in the control biofilter, suggesting a delayed “natural” community change in the H2S 
degrading biofilter, directly or indirectly caused by the H2S loading. 
 
 
 
 
 
                                                 
1 Redrafted after Sercu B, Boon N, Verstraete W, Van Langenhove H. 2006. H2S degradation is 
reflected by both the activity and composition of the microbial community in a compost biofilter. 
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3.1 INTRODUCTION 
 
Hydrogen sulfide and VOSCs are emitted from waste water treatment plants, composting facilities, 
rendering plants and food/feed production plants during heating and/or anaerobic decay of sulfur-
containing amino acids (Smet and Van Langenhove 1998). Also Kraft pulp mills are known to 
emit high concentrations of H2S (Bordado and Gomes 2002). Biofilters are often used to treat H2S 
containing odorous emissions (Easter et al. 2005). Compost materials are very often used in 
biofilters, because they contain a high number and diversity of microorganisms, have a good water 
holding capacity and air permeability, provide pH buffering and contain a large amount of 
nutrients (Delhomenie and Heitz 2005).  
In general, pilot- or full-scale biofilters show odour removal efficiencies exceeding 90% (Easter et 
al. 2005; Goodwin et al. 2000; Luo 2001; Luo and van Oostrom 1997). However, lower removal 
efficiencies can occur depending on e.g. medium age, pollutant loading rates and filter bed 
moisture content. In practice it can be difficult to define the major causes of low odour removal 
efficiencies and hence to propose a straightforward solution for the problem. It has been reported 
that laboratory or pilot-scale investigations can overlook problems occurring in full-scale 
installations, such as long-term accumulation of intermediates (Van Langenhove et al. 1989a) or 
inhibition effects of other waste gas compounds (Lee et al. 2002; Liu et al. 2005; Mohseni and 
Allen 2000; Smet et al. 1997b; Van Langenhove et al. 1989b). Next to physical-chemical 
parameters, microbiological parameters could have an added value when used as indicators for the 
functioning or stability of a biofilter. Microbial indicators based on community composition 
analysis could include microbial diversity, microbial community dynamics or the occurrence of 
specific species or groups of microorganisms. Several H2S degrading bacteria have been isolated 
and quantified in biofilters. Degorce-Dumas et al. (1997) identified Thiobacillus thioparus, T. 
denitrificans and T. novellus as the most numerous neutrophilic thiobacilli and Acidithiobacillus 
thiooxidans as an acidophilic thiobacillus in a H2S degrading biofilter. In addition, the number of 
all thiobacilli increased during H2S biofiltration, except when acidification occurred (pH < 5.5). In 
the latter case, the number of neutrophilic autotrophs decreased. Also Cook et al. (1999) isolated 
mainly acidophilic chemolitotrophic microorganisms in biofilters at low pH, while at neutral pH 
values more neutrophilic and heterotrophic microorganisms occurred. Although these studies 
indicated the importance of thiobacilli during H2S degradation, they cannot provide information 
about the activity of these bacteria compared with the total bacterial community. It is known that 
culture-dependent studies can impose a bias towards microorganisms that are able to grow on the 
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selected media (Wagner et al. 1993; Webster et al. 1997). Therefore, molecular techniques can 
provide a more representative picture of the general composition of the microbial community.  
In this study, a H2S removing compost biofilter was set up that was operated during 109 days. 
Based on the applied loading rates, the total biofiltration period was divided in 4 periods, with 
average loading rates between 5.6 and 25.3 g m-3 h-1. The microbial composition of both the most 
active and abundant bacteria in the biofilter was studied with 16S rRNA- and rDNA-based DGGE 
analysis, respectively, and compared with a control biofilter not removing any H2S. The Shannon 
diversity, the evenness, and Moving Windows Analysis (based on Pearson correlation) were used 
to study the stability of the active microbial populations and the relation between the active 
microbial populations and H2S removal. Dominant ribotypes were sequenced to identify possible 
key players in the H2S removal process. Next to the total bacterial community, the ammonium 
oxidizing bacteria (AOB) were investigated as a potential indicator group for the functioning of 
the biofilter.  
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3.2. MATERIALS AND METHODS 
 
Reactor set-up. Biofilter reactors were constructed as described in Chapter 2. The biofilter 
sections are indicated as 1 (inlet), 2 (middle) and 3 (outlet). Gas sampling points were provided at 
the influent (port A) and effluent (port D), between section 1 and 2 (port B) and between section 2 
and 3 (port C). In one biofilter hydrogen sulfide was continuously dosed in the humidified air 
stream with a teflon rotameter (Gilmont Instruments, Barrington, IL) from a gas bottle (99% H2S, 
Praxair). The other biofilter acted as a control reactor and no pollutant was added to the humidified 
air stream. Each biofilter was run with an EBRT of 36 s. The mineral medium that was added on 
day 93 consisted of 3 g L-1 K2HPO4, 3 g L-1 KH2PO4, 3 g L-1 NH4Cl, 0.5 g L-1 MgSO4.7H2O, and 
0.01 g L-1 FeSO4.7 H2O (pH 7). 
 
Physical-chemical analyses. Hydrogen sulfide concentrations from 0 to 100 ppmv were measured 
with a Lifeline II Extractive Gas Detector (Zellweger Analytics, Zaventem, Belgium), having a 
detection limit of 1 ppmv. Concentrations exceeding 50 ppmv were measured with a Varian 3700 
gas chromatograph, equipped with a flame photometric detector. A 30 m DB-5 column (J&W 
Scientific, Folsom, CA) was used with an internal diameter of 0.53 mm and a film thickness of 1.5 
µm. Using a Pressure-Lok Precision Analytical Syringe (Alltech Ass., Deerfield, IL) 1 mL gas 
samples were injected. An external standard was prepared by diluting the pure gas.   
For determination of the physical/chemical parameters of the compost an appropriate amount of 
sample was taken from the upper 5 cm of each biofilter section. Sampling and analysis of the 
moisture content, NH4+, NO2- + NO3-, extractable sulfates and pH was performed as described in 
Chapter 2. Total sulfur was determined based on the method of Tack et al. (1997). Total S was 
obtained by ashing 1 g of air dried compost mixed with 2.5 g NaHCO3 and 0.1 g Ag2O for 3 h at 
550 °C. The residue was refluxed for 3 h in 50 mL carbonate/bicarbonate buffer (3.2 mM Na2CO3, 
1 mM NaHCO3) and the obtained sulfates were determined by ion chromatography together with 
the extractable sulfates.  
 
Nucleic acids extraction. Prior to nucleic acids extraction, a mixed sample of 4 x 0.5 g compost 
was taken from the biofilter sections. Nucleic acids were extracted using the slightly modified 
protocol of Boon et al. (2003), to allow the larger sample size. For this purpose, all reagents were 
added in four times the required quantities. The crude DNA extract was purified using the Wizard 
DNA Clean-up System (Promega, Madison, Wisconsin, USA), while the crude RNA was purified 
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using the RNeasy kit (Qiagen, Venlo, The Netherlands), according to the manufacturer’s 
instructions.  
 
PCR and RT-PCR. Total bacterial DNA and RNA were amplified using the primers P338F (with 
GC-clamp) and P518r (Ovreas et al. 1997). Due to the short amplicon, the selected primer pair 
does not result in the most robust phylogenetic information. However, it has been reported that this 
primer combination allowed superior resolution on a DGGE gel in addition to the higher 
sensitivity when compared to other “universal” PCR-DGGE primers, e.g. 968F-GC/1401r (Pruden 
et al. 2001; Chang et al. 2000). Shorter target sequences are also less likely to result in the 
formation of undesirable chimeras (Wang and Wang 1996). PCR was performed as described by 
Boon et al. (2002). RT-PCR was performed using the OneStep RT-PCR Kit (Qiagen, Venlo, The 
Netherlands), according to manufacturer’s instructions. The final concentrations of the different 
compounds in the RT-PCR mastermix were: 0.6 µM of each primer, 400 µM of each dNTP, 1x 
Qiagen OneStep RT-PCR Buffer, 1 µl/25 µl of Qiagen OneStep RT-PCR Enzyme Mix and 1 µl/25 
µl diluted template in DNase- and RNase-free filter sterilised water (Sigma-Aldrich Chemie, 
Steinheim, Germany). The RT-PCR temperature program was the following: 30 min at 50°C, 15 
min at 95°C, followed by 30 cycles of 1 min at 94°C, 1 min at 53°C and 2 min at 72°C. At the end 
a final elongation step for 12 min at 72°C was added. For amplification of 16S rRNA of AOB a 
nested PCR approach was used. In the first round, the primers CTO189fAB, CTO189fC, CTO653r 
(Kowalchuk et al. 1998) were used in a slightly modified RT-PCR protocol, in which 35 cycles of 
1 min at 94 °C, 1 min at 57 °C and 2 min at 72 °C were used. The second PCR round was 
performed by adding 1 µL of the amplified product of the 1st round (1/100 dilution) in 24 µL 
master mix for PCR amplification. To find the optimal dilutions of the nucleic acid extracts for 
optimal amplification, the dilutions 0, 1:5, 1:20 and 1:100 were tested for PCR, and 0, 1:2, 1:5, 
1:10 and 1:100 for RT-PCR. Based on the signal intensity on the agarose gels after amplification, 
the DNA and RNA extracts were diluted 1:5 and 1:10, respectively, prior to amplification.  
 
DGGE analysis. DGGE was performed using the Bio-Rad D Gene System (Bio-Rad, Hercules, 
CA), based on the protocol of Muyzer et al. (1993) as described previously by Boon et al. (2002). 
A denaturing gradient ranging from 45 to 55% was used. The 16S rRNA-based DGGE patterns 
reflect the activity of the community members and are potentially more related with the H2S 
degradation activity of the biofilter, compared with the 16S rDNA-based DGGE patterns. 
Therefore, next to the visual observations, additional analyses were performed on the former gel 
patterns. The gels were analyzed using the Bionumerics Software 2.0 (Applied Maths, Kortrijk, 
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Belgium). The Shannon diversity index (Shannon and Weaver 1963) was calculated, based on the 
DGGE band intensities. The evenness was calculated by dividing the diversity index by log S, 
with S being the number of bands. Both indices, when based on RNA analysis, should not be 
regarded as structural diversity parameters sensu stricto, related to the abundance of the bacteria. 
Instead, they represent the diversity (ASh) and evenness (AE) of the activity of bacteria. The 
stability of the microbial communities in time was determined using Moving Windows Analysis 
(Wittebolle et al. 2005) and expressed by the Pearson correlation coefficients (Ri,i+1) between two 
banding patterns from consecutive sampling dates (i and i+1). Gel patterns were also compared by 
calculating the Pearson correlation coefficient (R) between different biofilter sections or reactors. 
Correlation coefficients were always determined between samples on a same gel, to avoid 
negatively biased correlations due to between-gel variations. 
 
DNA sequencing. A selection of bands was excised, reamplified (primers P338F/GC-clamp and 
P518r) and loaded into a new DGGE gel together with amplified RNA of the biofilter samples, 
with the same protocol as described before. In the case that one band was observed in the position 
in the gel matching with the band from the sample from the biofilter, the amplified DNA was 
purified (QIAquick PCR Purification Kit, Qiagen GmbH, Hilden, Germany) and sequenced (IIT 
Biotech, Bielefeld, Germany). In the case that more bands appeared in the control DGGE gel, the 
excised DNA was amplified using the primers P338F and P518r and cloned by using a TOPO TA 
Cloning kit with vector pCR2.1-TOPO (Invitrogen, Carlsbad, CA). Positive (white) colonies (5 – 
20 per sample) were suspended in 50 µl 20 mM MgSO4 and stored at 4°C in the dark. Each 
suspension was directly amplified, using the primers P338F and P518r, and loaded onto a new 
DGGE gel. By comparing the DGGE gel patterns of the amplified suspensions with amplified 
RNA from the biofilter samples, the E. coli suspensions containing the right insert were selected. 
These suspensions were grown overnight in selective LB medium, according to manufacturer’s 
instructions. After extracting and purifying the plasmids (High Pure Plasmid Isolation Kit, Roche 
Diagnostics GmbH, Mannheim, Germany), they were sequenced by IIT Biotech. DNA sequence 
analysis was performed using the Sequence Match software and the Ribosomal Database Project 
database (Cole et al. 2005). The GenBank accession numbers of the sequences obtained from the 
DGGE bands were DQ398578-DQ398584. 
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3.3. RESULTS  
 
3.3.1. Biofiltration of H2S 
 
The experiment was divided in 4 periods, according to the influent loading rate: period I (day 1 – 
46, 5.6 ± 0.8 g m-3 h-1), period II (day 47 – 64, 12.5 ± 2.3 g m-3 h-1), period III (day 65 – 81, 25.3 ± 
3.3 g m-3 h-1) and period IV (day 82 – 108, 13.5 ± 3.3 g m-3 h-1, including a period without 
pollutant loading) (see Figure 3.1). During periods I and II, H2S was generally removed efficiently, 
with effluent concentrations below the detection limit (1 ppmv). After increasing the influent 
concentration in period III, H2S was always detected at the biofilter outlet and the removal 
efficiency decreased to 97 ± 2%. For the total biofilter a maximal elimination capacity of 28.5 g m-
3 h-1 was obtained, with 95% removal efficiency. Between days 1 and 81, the H2S removal 
efficiencies were always higher than 93%. Between day 82 and day 98, however, values below 
71% were measured. Due to the increased compost moisture content, the operation of the biofilter 
was interrupted between day 99 and 102 to dry the compost from 47% to 37% on average for the 3 
biofilter sections. Thereafter, slightly increased removal efficiencies were obtained, although still 
lower than during periods I – III.   
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Figure 3.1. Evolution of the H2S concentrations (left axis) in time at the gas sampling points 
A, B, C and D. The equivalent volumetric loading scale is shown in the right axis. Sampling 
dates for analysing the microbiology of the compost are indicated with +. Periods I, II, III 
and IV are separated by dashed lines.  
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3.3.2. Evolution of the operational parameters 
 
From day 35, the pH of the compost in the 3 sections of the H2S degrading biofilter remained 
rather constant after an initial change (5.5 ± 0.2 for all sections of the biofilter, see Figure 3.2). A 
slightly faster pH decrease was observed in the inlet side of the biofilter. The moisture content of 
the compost/dolomite mixture reached a mean value of 44 ± 2% between day 18 and 58, and 48 ± 
2% between day 71 and 99. Between day 99 and 102 the filter material was dried by bypassing the 
scrubbers, resulting in a moisture content of 37 ± 1 % (day 102 to 109). The initial NH4+-N and 
(NO2-+NO3-)-N concentrations in the compost were 1.14 mg N (g DW)-1 and 0.25 mg N (g DW)-1. 
On day 71, the NH4+-N concentration had decreased to ≤ 0.07 mg N (g DW)-1 in sections 1 and 3, 
while in section 2 still 0.21 mg N (g DW)-1 was measured. The (NO2-+NO3-)-N concentrations had 
decreased to ≤ 0.4 mg N (g DW)-1 in sections 1 and 2, while in section 3 still 0.12 mg N (g DW)-1 
was present. The extractable sulfate and total sulfur concentrations gradually increased in the three 
biofilter sections (Table 3.1). From day 82 the biofilter sections were mixed before sampling, 
leading to a redistribution of the accumulated species. The total theoretical sulfur content in the 
biofilter material, calculated based on the amount of H2S that was oxidized in each section, agreed 
fairly well with the experimental results. The experimental values (minus the average background 
of 2.2 mg S (g DW)-1 in the control biofilter) showed deviations of -30%, -13% and +0.5% from 
the calculated values for section 1, 2 and 3 respectively.  
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Figure 3.2 Compost pH (black symbols) and moisture content (white symbols) for sections 1 
(♦,◊), 2 (■,□) and 3 (▲,∆) of the H2S degrading biofilter. 
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Table 3.1. Concentrations of total sulfur and extractable sulfate in different sections of the 
control and H2S degrading biofilters (mg S (g DW)-1). Theoretical total sulfur concentrations 
are indicated in the column with (th). nd: not determined. 
 Day  36 58 81 99 109 109 (th) 
Sulfate Control   Section 1 0.3 0.7 0.2 nd nd  
 H2S    Section 1 7.7 11.1 8.3 11.9 15.7  
  Section 2 4.1 10.1 10.4 13.9 17.5  
  Section 3 4.2 8.9 11.2 10.5 15.5  
Total S Control    Section 1 2.5 1.6 2.6 nd nd nd 
 H2S   Section 1 23.2 31.6 23.2 21.3 35.2 47.1 
  Section 2 11.0 13.6 15.2 19.3 25.7 26.9 
  Section 3 6.9 10.1 10.6 15.0 23.3 21.0 
 
In the control biofilter, the moisture content increased slightly from 47% on day 0 to 53 ± 4% from 
day 9 in all three biofilter sections. The pH decreased slightly from 8.2 on day 0 to 7.5 ± 0.3 from 
day 9. The total sulfur and sulfate contents of the compost material in the control biofilter 
remained low (2.2 ± 0.6 mg S (g DW)-1 and 0.4 ± 0.3 mg SO42--S (g DW)-1). The total nitrogen 
concentrations in the control biofilter were the same as in the H2S degrading biofilter initially, 
since both biofilters were packed with the same compost material. On day 71, the NH4+-N 
concentration had decreased to a value smaller then 0.5 mg N (g DW)-1 in all biofilter sections. 
The (NO2-+NO3-)-N concentrations remained higher, however, with values of 0.17, 0.50 and 0.76 
mg N (g DW)-1 in the sections 1, 2 and 3, respectively. 
 
3.3.3. Microbiological analyses 
 
DGGE analysis of the 16S rRNA showed gradual changes in the active microbial communities 
during H2S loading (Figure 3.3b). Considering the first 81 days of biofiltration, when the H2S was 
most efficiently removed, 7 from a total of 24 initial ribotypes remained active throughout this 
period of H2S biofiltration. On day 81, 7 new ribotypes were active (out of 24) that were not or 
hardly active on day 9 of biofiltration. Hence, a significant change in activity of the bacteria 
occurred during H2S biofiltration. In Figure 3.3a it is shown for selected sampling dates that the 
DNA-based DGGE patterns for section 1 were very similar to the RNA-based patterns. As 
indicated by the numbered arrows, the most intense bands were common for both DGGE patterns. 
The Pearson correlation coefficient (RNA-based) between day 9 and 81 (R9,81) was only 0%. The 
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composition and evolution of the active microbial populations in section 3 were highly similar to 
those in section 1 (results not shown). The appearance of the most intense bands occurred later in 
time (about 10 - 30 days) in section 3. From day 29, the microbial active populations in section 1 
of the H2S degrading biofilter were highly stable (Ri,i+1 > 78%) (Figure 3.4a). Also the DNA-based 
microbial community composition was stable from day 36, as shown by the highly similar patterns 
between day 36 and 81 in Figure 3.3a. The ASh in section 1 varied during H2S biofiltration, 
between a maximum of 3.3 (after an initial increase) and a minimum of 2.5. The decreasing trend 
in ASh did not occur until the end of the experiment, however. The AE showed a very similar 
evolution as the ASh (Figure 3.4b and 3.4c).   
 
 
Figure 3.3. DGGE patterns of the compost samples from section 1 at different times during 
biofiltration. a H2S degrading biofilter (16S rDNA), b H2S degrading biofilter (16S rRNA), c 
control biofilter (16S rRNA). The numbers above the picture indicate the number of days 
after biofilter start-up and biofilter periods I, II, III and IV; R = reference lane. Numbered 
arrows indicate bands that were sequenced (B1 to B7). 
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The evolution of the 16S rRNA-based DGGE patterns from the control biofilter was somewhat 
different than from the H2S degrading biofilter. Although the patterns were highly similar between 
samples of both biofilters on day 2 (R = 90% for section 1), a decrease of the correlation 
coefficients with time was observed for equal sample dates. For instance, on day 36 and 71, the 
correlation coefficients were only 40% and 24%, respectively, between samples of section 1 of the 
H2S degrading and control biofilters. The gradual and persistent changes of the activity of the 
microbial communities that were visually observed in the gel pattern of the H2S degrading biofilter 
were not visible in the control. Instead a more random change was observed (Figure 3.3c). The 
latter is reflected by the generally lower Ri,i+1 values in section 1 of the control biofilter compared 
with those of the H2S degrading biofilter (Figure 3.4a). The ASh in the control biofilter decreased 
but is generally 9 - 28% higher than in the H2S degrading biofilter, except on days 2, 52 and 109. 
The AE in the control biofilter also remained higher than in the H2S degrading biofilter from day 9 
onwards, except on day 52.  
 
The major bands from the RNA-based DGGE pattern of section 1 of the H2S degrading biofilter 
were excised and sequenced (Table 3.2). The sequence matches of the 2nd closest match were 
never in contradiction with the closest match. For instance, for band 1 the 2nd closest match 
(90.8%) belonged to an uncultured Thiobacillus sp. For band 6, also members of the classes 
Flavobacteria and Bacteroidetes were found (54.4 – 55.0% similarity). The sequence similarities 
were very low for this band, however. Only two out of the 7 identified active bacteria belonged to 
the same bacterial class (Gammaproteobacteria). All other ribotypes were assigned to a variety of 
Gram-negative and Gram-positive classes. Similarities less than 95% to classified bacterial species 
were found, except for band 4.  
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Figure 3.4. a. Pearson correlation (Ri,i+1) between consecutive samples, b. Activity-diversity 
(ASh) and c. Activity-evenness (AE) of the microbial communities in section 1 of the H2S 
degrading (●) and control (○) biofilters.  
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Table 3.2. Similarity percentages of excised DGGE bands as compared with the RDP 
database (Cole et al. 2005). 
Band Accession nrs. Closest match  Similarity 
(%) 
Class 
1 M79426 Thiobacillus thioparus ATCC 8158 95.4 Betaproteobacteria 
2 > 20 > 20 sequences belonging to the 
Rhizobiales 
93.0 Alphaproteobacteria 
3 AJ440237 Conexibacter woesei DSM 14684  88.3 Actinobacteria 
4 DQ125745, 
DQ125697 
Uncultured Xanthomonadaceae 
bacterium 
100 Gammaproteobacteria 
5 AJ306778, 
AY972868 
Uncultured Pseudomonas spp.  85.1 Gammaproteobacteria 
6 M62795 Flexibacter sancti 57.0 Sphingobacteria 
7 AJ853590 Uncultured Flavobacteriaceae 
bacterium 
85.1 Flavobacteria 
 
 
In section 1 of the H2S degrading biofilter, the active AOB community composition remained very 
stable during the whole biofiltration period (Figure 3.5). The R4,109 was as high as 75%, and during 
the whole experiment the Ri,i+1 remained higher than 79%. In section 3, however, the community 
composition changed abruptly between days 71 and 81. A number of ribotypes became much less 
active (bands 1 - 5), while two others (bands 6, 7) became much more active, based on the gel 
pattern. After day 81, no significant changes occurred anymore. The R4,71 was 90%, but the R71,81 
was only 31%. Thereafter, the active community was rather stable again (R81,109 = 75%). As can be 
observed in Figure 3.5, the changes in the active AOB community composition did not occur 
exclusively in section 3 of the H2S degrading biofilter, but also in both sections of the control 
biofilter. These changes occurred earlier in time, somewhere between day 18 and 29 in section 3 
(results not shown).  
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Figure 3.5. DGGE patterns (AOB, 16S rRNA) of the compost samples at different times 
during biofiltration. The numbers above the picture indicate the number of days after 
biofilter start-up for section 1 and section 3 of the H2S degrading (H) and control (C) 
biofilter. Appearing and disappearing bands are indicated with numbered arrows. 
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3.4. DISCUSSION 
 
The biofilter had good H2S removal efficiencies (> 93%) at loading rates up to 30.1 g m-3 h-1. At 
the lowest loading rates applied (period I and II), H2S was usually removed to concentrations 
below 1 ppmv, but in period III, at loading rates between 20 and 30 g m-3 h-1, effluent 
concentrations of 3 – 14 ppmv were measured. The maximal EC obtained in this study was 28.5 g 
m-3 h-1 for the total biofilter, while in section 3 a maximal EC of 39 g m-3 h-1 was measured, during 
the end of period III (day 79; η = 94%). This corresponds well with results from Elias et al. (2000), 
who obtained a removal efficiency lower then 90% at inlet loading rates exceeding 40 g m³ h-1 
(EBRT = 27 s). In this study it was not attempted to determine the absolute ECmax of the biofilter. 
In other studies, a wide range of ECmax values has been reported, ranging between 55 g m-3 h-1 and 
300 g m-3 h-1 in organic biofilters (Cook et al. 1999; Degorce-Dumas et al. 1997; Oyarzun et al. 
2003; Yang and Allen 1994a). 
 
No other studies were found that investigated the temporal changes (stability) of the active 
microbial communities in organic biofilters. In this study we showed the occurrence of an 
adaptation period, after which a stable active microbial community was present. This was clearly 
visualised in the 16S rRNA-based DGGE pattern, and was reflected by the stable Ri,i+1 values (> 
75%) from day 29 in section 1 of the H2S degrading biofilter, while stable and high values were 
not obtained in the control biofilter. Similar changes as in section 1 occurred in section 3 of the 
H2S degrading biofilter, although usually later in time. This was probably caused by the loading 
rates in the latter section, which were on average 12, 7 and 3 times lower than in section 1, during 
periods I, II and III, respectively. The increasing H2S loading rates did not affect the stability of 
the active microbial community. Also the structural diversity (DNA-based) was stable after start-
up. Assuming that rRNA and rDNA quantities reflect the metabolic activity and size of bacterial 
populations (Ka et al. 2001; Teske et al. 1996), the DGGE patterns suggested that the latter were 
closely related in the biofilter. The diversity indicators (ASh and AE) were used to derive 
quantifiable data from the DGGE gel patterns, in addition to the visual observations that were 
made. The ASh and AE values in section 1 of both the control and the H2S degrading biofilter 
showed a decreasing trend after an initial increase. Both values were usually higher in the control 
biofilter than in the H2S degrading biofilter. While the differences in ASh values remained 
relatively constant during the experiment, the differences in AE values increased during the course 
of the experiment. Therefore, H2S loading to the biofilter decreased the activity-based evenness 
and diversity of the microbial populations.  
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The ribotypes in section 1 of the H2S degrading biofilter that remained active during the whole 
period or that gradually became more active were sequenced. Because these changes did not occur 
or were not that extensive in the control biofilter, the activity of these ribotypes is therefore 
potentially stimulated by H2S dosing. The major finding from the sequencing data is the dominant 
activity of a sulfur oxidizing bacterium (band 1) in the H2S degrading biofilter. In addition, DNA-
based DGGE analysis suggested that this is also one of the most abundant ribotypes. The ribotype 
showed the highest sequence similarity with Thiobacillus thioparus ATCC 8158 (Lane et al. 
1992). This provides indirect evidence for the importance of Thiobacillus thioparus for H2S 
removal in the biofilter, both with respect to the activity and abundance of the species. The 
ribotype in the RNA-based DGGE was very faint on day 2 and 9, but from day 29 it was the most 
dominant band in the pattern. Thereafter, its intensity remained rather constant, suggesting that the 
activity of the sulfur oxidizing bacterium did not vary significantly anymore. The Thiobacillus 
thioparus related band also appeared in section 3 of the biofilter. The other active ribotypes 
identified in this study belonged to different phyla. The identity of ribotypes 2 to 7 was in 
accordance with previous culture-independent studies in organic biofilters, which showed the 
presence of Rhizobiales, Actinobacteria, Xanthomonads, Pseudomonads and Bacteroidetes 
(Friedrich et al. 1999; Friedrich et al. 2002; Friedrich et al. 2003; Khammar et al. 2005; von Keitz 
et al. 1999). Ribotypes 2 and 3 became increasingly active in this study, which corresponds 
particularly well with results from Friedrich et al. (1999) and Friedrich et al. (2002), who showed 
the dominance of Rhizobiales and Actinobacteria in industrial biofilters. Thiobacillus thioparus 
(ribotype 1) was not described in the above mentioned studies investigating the natural microbial 
population in biofilters, where no or low H2S concentrations were present in the influent. This 
adds to the evidence that this genus is responsible for the H2S degradation in this study. Ribotypes 
4 and 5 could also be involved in H2S oxidation, since Xanthomonas sp. and Pseudomonas sp. 
have been described to oxidize H2S (Cho et al. 1992a; Chung et al. 1996a). However, we expect 
that these heterotrophs are less important H2S degraders, based on the decreasing or faint 
corresponding banding patterns.  
 
Previous studies, using culturing techniques, have shown spatial and temporal microbial 
community shifts between acidophilic and neutrophilic autotrophs and heterotrophs during H2S 
biofiltration (Cook et al. 1999; Degorce-Dumas et al. 1997). Microorganisms like Thiobacillus 
thioparus, T. denitrificans, T. novellas, Acidithiobacillus thiooxidans and also Pseudomonas spp., 
Bacillus spp. and Penicillium spp. were identified. The results from the current study confirm the 
importance of Thiobacillus thioparus for H2S oxidation as was observed in these culture-
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dependent studies. However, no shift to more acidophilic species was observed, which was 
probably related with the mild pH decrease that occurred in section 1 of the H2S degrading 
biofilter (always higher than pH 5.2).  
 
It should be kept in mind, that DGGE only shows the most abundant microorganisms (e.g. > 0.3 - 
2% of the total bacterial community), hence the derived parameters (diversity, evenness,…) should 
not be regarded as absolute (Casamayor et al. 2000; Hedrick et al. 2000). One way of analyzing 
less abundant bacterial groups is using nested PCR-DGGE (Boon et al. 2002). In this study, this 
was performed for the ammonium oxidizing bacteria. This active subpopulation did not change 
during start-up, and was less diverse and dynamic than the total microbial population under normal 
biofilter operation, even when parameters like moisture content, pH or ammonium content 
changed. In addition, the only change in the AOB microbial community composition in the H2S 
degrading biofilter coincided with the decreased reactor performance in section 3. However, the 
sudden changes that occurred in section 3 of the H2S degrading biofilter also occurred in both 
sections of the control biofilter. The same ribotypes appeared and disappeared, although these 
changes occurred earlier in time (40 - 60 days earlier). This suggests that the natural evolution of 
the active AOB community composition as was observed in the control biofilter, was delayed in 
the H2S degrading biofilter. In addition, this delayed community change was related with the 
cumulative amount of H2S that was loaded to or degraded in each section: the higher this amount, 
the later the change occurred. The exact causal relationship between the AOB community changes 
and biofilter operation could not be determined in this study. The delayed “natural” community 
change could be caused by e.g. H2S toxicity, low pH, S0 of SO42- accumulation, nutrient limitation 
or other reasons. It has been shown that the AOB species composition is dependent on e.g. oxygen, 
pH or ammonium availability (Limpiyakorn et al. 2004; Oved et al. 2001; Park and Noguera 2004; 
Pommerening-Roser and Koops 2005). Therefore, we suggest that more investigation is needed to 
assess the possibility of using AOB as indicators for the functioning of H2S degrading organic 
biofilters. 
 
From day 82, the performance of the biofilter decreased. Comparing the ECs of the 3 biofilter 
sections showed that this was mainly related with low ECs in sections 2 and 3. Several 
explanations for this decreased performance were considered. The moisture content itself was 
probably not limiting, since this value was almost equal during periods III and IV (before drying). 
Nutrient limitation is unlikely, because addition of 600 mL mineral medium to the biofilter on day 
93 did not improve reactor operation. Both sulfur and sulfate accumulation occurred in the 
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biofilter. Jones et al. (2005) didn’t observe sulfate toxicity in a H2S degrading biofilter, even at 
concentrations high enough to saturate the liquid phase and suggested sulfur precipitation as a 
possible cause of long-term biofilter inactivation. Kim et al. (2002) showed that accumulated 
elemental sulfur or (NH4)2SO4 cause diminution of the active site and augmentation of the 
hydrophobic area on the surface of the packing materials, reducing biofilter performance. In this 
experimental biofilter, agglutination of the packing material was observed in section 2 and 3 from 
day 82 (after manual mixing), but not in section 1. On day 98 this was also observed in section 1. 
The start of the agglutination of particles corresponded very well with the decreased H2S removal 
efficiencies in the different sections, and could be caused by the presence of CaSO4 (gypsum) and 
water in the compost. After drying (day 99 – 102), the agglutination was not observed any more, 
and the H2S removal efficiency improved somewhat. Morgan-Sagastume et al. (2003) also 
observed agglutination of compost particles during H2S biofiltration, although in their case it was 
related with excessive moisture content and not with sulfate formation. We believe that the major 
causes of the decreased H2S removal efficiencies were agglutination and sulfur accumulation, and 
not microbial inhibition, e.g. by low pH, nutrient limitation or inadequate moisture content.  
Although small increases of ASh and AE were observed in section 1 on day 109, this was less the 
case in section 3, where the H2S removal decreased the most. According to the DGGE pattern, also 
the activity of Thiobacillus thioparus did not change significantly between day 71 and 109 in both 
sections of the H2S degrading biofilter. The fact that no relation was found between the determined 
microbiological parameters and the H2S degradation, supports the above mentioned idea that the 
major causes of the decreased H2S removal efficiencies were agglutination and sulfur 
accumulation, rather than microbial inhibition. However, further investigations are needed to 
confirm whether other species besides Thiobacillus thioparus are degrading H2S in biofilters, and 
if 16S rRNA-based DGGE analysis is sensitive enough to detect significant changes of the activity 
of target bacteria. Such studies could ultimately provide a diagnostic tool to determine whether 
biofilter inactivation is caused by a failing microbiology or by alternative causes (e.g. channelling, 
low mass transfer). 
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3.5. CONCLUSIONS 
 
It was shown that H2S can be efficiently degraded in a non-inoculated compost biofilter at loading 
rates up to 30 g m-3 h-1. The reactor performance decreased somewhat on the long run, however, 
most likely due to decreased substrate mass transfer, caused by sulfur accumulation and compost 
agglutination. 16S rRNA-based DGGE analysis showed a stable bacterial community in the 
compost during increasing H2S loading rates, although an initial adaptation period was observed. 
Comparison with a control biofilter showed that H2S loading influenced the evenness of the 
bacterial population more than the diversity. Evidence was provided that Thiobacillus thioparus 
was the most important primary degrader in the H2S degrading biofilter. Therefore, strategies to 
optimize H2S biofiltration in a compost biofilter should provide optimal conditions for this species. 
The decreasing H2S removal efficiencies near the end of the experiment were not related with 
changes in the bacterial diversity or activity of T. thioparus, supporting the idea of decreasing 
substrate mass transfer as the cause of the reduced biofilter performance. The AOB community 
composition showed potential as an indicator for the functioning of H2S degrading biofilters, 
because the natural evolution of this community was delayed during H2S loading. The results 
obtained regarding the AOB community composition also highlight the importance of analyzing a 
control biofilter, to distinguish microbial dynamics in a pollutant loaded biofilter from the natural 
evolution.  
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SPATIOTEMPORAL EVOLUTION OF MICROBIAL ACTIVITIES AND POLLUTANT 
ELIMINATION DURING LONG-TERM BIOFILTRATION OF A MIXTURE OF 
ODOROUS VOLATILE ORGANIC COMPOUNDS1  
 
 
SUMMARY 
 
Isobutanal (IBAL), limonene (LIM) and dimethyl sulfide (DMS) were dosed to a biofilter at 
concentration levels between 10 and 40 ppmv (1.6 – 9.9 g m-3 h-1), during a period of 170 days. 
IBAL was usually removed for more than 90% in the inlet section of the biofilter, while the LIM 
removal was spread over the 3 biofilter sections. DMS removal occurred almost exclusively in the 
outlet section of the biofilter. During the course of the experiment, the LIM removal shifted to the 
outlet section of the biofilter, until breakthrough occurred. Although inoculation with 
Hyphomicrobium VS was applied to increase the removal of DMS, only 12 days with > 90% DMS 
removal were observed. Microcosm assays were used to study the specific oxidation potentials for 
each compound, using first-order rate constants. The assays were in accordance with the 
degradation profiles of the pollutants in the biofilter, and confirmed the decreasing LIM degrading 
activity in section 1 and the low DMS degrading activity in section 1 of the biofilter. Bacterial 
counts showed a slight decrease of the cultivable heterotrophic biomass in time, especially in the 
outlet section, and an unexpectedly dynamic behaviour of the ammonium oxidizing bacterial 
community. The latter observations, together with the decreasing pollutant removal efficiencies 
and microbial activities, were all related to the low carbon loading rates to the biofilter. 
 
 
 
 
 
 
                                                 
1 Redrafted after Sercu B, Mahabali S, Verstraete W, Van Langenhove H. Spatiotemporal 
evolution of microbial activities and pollutant elimination during long-term biofiltration of a 
mixture of odorous volatile organic compounds. Submitted  
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4.1. INTRODUCTION 
 
Biofiltration is the most commonly applied biological technology to treat odour pollution, 
compared with biotrickling filters or bioscrubbers (van Groenestijn 2005). Odours usually contain 
mixtures of low concentrations (in the order of a few tens ppmv) of organic or inorganic 
compounds. Although also more concentrated waste gas streams are considered for biofiltration 
nowadays (Deshusses et al. 1999), its main application area remains odour removal, e.g. at solid 
waste processing facilities and wastewater treatment plants (van Groenestijn and Kraakman 2005). 
A number of studies show potential odour removal efficiencies exceeding 90% in pilot- or full-
scale biofilters (Easter et al. 2005; Goodwin et al. 2000; Luo 2001; Luo and van Oostrom 1997). 
However, problems with operational stability, performance predictability and reproducibility of 
biological systems may favour the application of physical-chemical gas treatment, even when the 
latter is more costly (van Groenestijn 2005). Commonly described causes for low odour removal 
efficiencies are high medium age, high pollutant loading rates, inadequate filter bed moisture 
content and nutrient limitation. It has also been reported that laboratory or pilot-scale 
investigations can overlook problems occurring in full-scale installations, such as long-term 
accumulation of intermediates (Van Langenhove et al. 1989a) or inhibition effects by other waste 
gas compounds (Lee et al. 2002; Liu et al. 2005; Mohseni and Allen 2000; Smet et al. 1997b; Van 
Langenhove et al. 1989b). In addition - often interrelated - characteristics of the filterbed (moisture 
content, nutrient content, pH, temperature, spatial heterogeneity) and gas flow (flow distribution, 
temperature, variable loading rates) can influence odour removal efficiencies.  
It is generally assumed that the microbial activity for the removal of the most common odorous 
compounds is not limiting, if the above mentioned conditions are optimal. However, low pollutant 
concentrations could hamper the development of a microbial population showing a high 
biodegradation activity, especially in the case where mass transfer of the pollutant to the bio-active 
phase is low because of its high Henry’s Law constant (De heyder et al. 1997). It is often not 
known which microorganisms degrade the odorous compounds in a biofilter, therefore it can be 
difficult to study the abundance and activity of these microorganisms during biofiltration. In 
addition, it has been shown that bacteria isolated on specific media are not necessarily the bacteria 
that degrade the pollutants in a biofilter (Lipski et al. 2005). Therefore, plate counting with 
odorous volatile organic compounds as sole carbon source, may provide non-relevant results. In 
this respect, microcosm assays could offer a quick and cost-effective method to monitor the 
microbiological activity of the filter material for selected pollutants in situ. These assays determine 
the removal of a selected pollutant after introduction in a closed environment including compost 
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material. It was previously observed that microcosm experiments could generate qualitative, and 
under some conditions quantitative, information about microbial activities, applicable to a bench 
scale biofilter treating toluene (Acuna et al. 1999). For instance start-up, nutrient limitation and 
bed heterogeneity could be detected with this methodology.  
In this study, a biofilter was operated for 170 days, with dosing of isobutanal, limonene and 
dimethyl sulfide at low loading rates (< 10 g m-3 h-1). The compounds were selected because of 
their relevance towards odorous emissions, and because of their different properties (Henry’s Law 
constant, biodegradability and requirements for inoculation). Next to bacterial counts, microcosm 
assays were used to observe the potential degradation activity of the compost for the different 
compounds at different times during the experiments. The hypothesis formulated in this study is 
that the low substrate loading rates will negatively influence the number and activity of pollutant 
degrading bacteria in the biofilter, and therefore also pollutant degradation. Because ammonium 
oxidizing bacteria (AOB) are known to metabolize DMS (Juliette et al. 1993), and could be 
indicative for the conditions in the biofilter (e.g. nutrient content, oxygen availability), most 
probable number counts were performed to quantify this group of bacteria. 
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4.2. MATERIALS AND METHODS 
 
Biofilter set-up. The biofilter construction was similar as described in Chapter 2. Gas sampling 
points were provided at the influent (port A) and effluent (port D), between section 1 and 2 (port 
B) and between section 2 and 3 (port C). The compost was buffered with dolomite particles (< 0.5 
mm), in a mixing ratio (w/w) dolomite : compost of 1 : 16.5. Humidified laboratory air was 
supplied to the biofilter in upflow mode (EBRT: 36 s) at a constant flow rate. Isobutanal (Aldrich, 
98%) and dimethyl sulfide (Across, 99+%) were dosed into the main air stream by bubbling a 
calibrated nitrogen stream through an impinger containing the pure liquid compounds, kept at a 
constant temperature (25 °C). (R)-Limonene (Aldrich, 97%) was dosed into the main air stream by 
means of a syringe pump.  
 
Microcosm assays. Microcosm assays were performed with samples taken from section 1 and 3 of 
the biofilter, to maximize the differences in loading rates applied to the biofilter samples. Two 
grams of compost were placed in a 350 mL Schott bottle, closed gastightly and provided with a 
septum. Pollutants were introduced through a septum, and injected with a microliter syringe on a 
filter paper to enhance volatilisation. For IBAL and LIM, 1 µL of pure liquid was dosed, while for 
DMS 0.2 µL was used. The decrease of the pollutant concentrations was measured by gas 
chromatography at different time intervals after injection. During preliminary experiments, the 
bottles were tested for leakages and occurrence of biodegradation was verified using autoclaved 
compost. The concentration decrease in time was fitted using 1st order reaction kinetics, following 
the equation:  
tk
o eSS
⋅−⋅=  
with S: substrate concentration (ppmv), So: substrate concentration at time zero (ppmv), k: 1st 
order rate constant (min-1), t: time (min). 
 
Biofilter inoculation. For inoculation of the biofilter with Hyphomicrobium VS (day 147), 20 mL 
of bacterial suspension was prepared from a frozen culture (50% glycerol) in mineral medium (see 
Chapter 3), containing 2% methanol (28 °C). Methanol was removed by centrifugation of the 
suspension (5 min at 5900 x g) and addition of 5 mL 0.9% NaCl to the pellet. Centrifugation and 
washing of the suspension was repeated twice and the pellets were finally collected in 1 L of 
mineral medium containing 2% methanol. After 1 week of aeration, the washing procedure was 
repeated and 200 mL of inoculum (~108 CFU mL-1) was added to each biofilter section. 
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Physical-chemical analyses. Concentrations of isobutanal (IBAL), limonene (LIM) and dimethyl 
sulfide (DMS) were analysed with a GC 8000 Top GC (CE Instruments) equipped with a flame 
ionisation detector. A 30 m DB-5 column (J&W Scientific; internal diameter 0.53 mm; film 
thickness 1.5 µm) was used with helium as a carrier gas. Gas samples of 1 mL were injected with a 
gastight pressure-lock precision analytical syringe (Alltech Ass.). Response factors were 
determined for each compound by injecting standards prepared as headspace concentrations. The 
compost parameters moisture content, pH, (NO2- + NO3-), NH4+ and extractable sulfate were 
analysed as described in Chapter 2. The ion chromatograph (Dionex ICS 50) for anion analysis 
was equipped with a conductivity detector and an AS40 autosampler. For ion separation an AS14 
column was used, combined with an Ion Pack AG 14A-5µm guard column, at a mobile phase (2.6 
mM Na2CO3 – 2.4 mM NaHCO3) flow rate of 0.5 mL min-1. Three measurements were performed 
for each 5 mL sample.    
 
Microbiological analyses. Microorganisms were extracted from the compost by shaking 5 g of 
compost with 50 mL of extraction solution (2% NaCl, 0.1% sodium pyrophosphate) and 15 g of 
glass beads (0.10 – 0.11 mm) for 30 min at 250 rpm. The supernatant was used to estimate the 
total number of cultivable heterotrophs and ammonium oxidizing bacteria. The total cultivable 
heterotrophs were counted by plating tenfold dilution series on nutrient agar (Difco), containing 1 
mL L-1 cycloheximide. The plates were incubated for 2 days at 28 °C before counting the number 
of colony forming units. All analyses were performed in triplicate. Statistical differences were 
determined using the S-PLUS software, by a nonparametric Kruskal-Wallis rank test followed by 
multiple comparison of the ranks by means of the Bonferoni method (Helsel and Hirsch 1992). 
AOB were determined based on the most-probable-number (MPN) microtechnique (Rowe et al. 
1977). Supernatant (100 µL) was added to the first column of a 96 well microplate and a series of 
12 twofold dilutions were made in AOB medium (pH 7.4), consisting of 0.5 g L-1 (NH4)2SO4, 0.2 
g L-1 KH2PO4, 0.04 g L-1 CaCl2.2H2O, 0.04 g L-1 MgSO4.7H2O, 0.5 mg L-1 Fe-citrate and 5 mM 
phenyl red. The microplates were incubated for 28 days in the dark at room temperature. At the 
end of the incubation each plate was scored by the colour change of the pH indicator. By means of 
a three numbered code and a statistical table, the MPN was obtained together with the standard 
error. 
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4.3. RESULTS 
 
4.3.1. Removal of odorous compounds 
 
IBAL was dosed from day 0, while LIM dosing was started on day 21. For IBAL, the average 
influent loading rate was 3.5 ± 0.9 g m-3 h-1 (11.7 ± 2.9 ppmv; n = 34) (Figure 4.1a). IBAL was 
efficiently removed in the biofilter (97 ± 7%), and on average 92% of the influent was degraded in 
section 1. After starting the LIM dosing to the biofilter, the IBAL removal efficiency decreased 
somewhat. From day 42, IBAL was again removed below the detection limit (0.5 ppmv) during 
most of the measurements. Near the end of the experiment (day 194 - 223), slightly higher IBAL 
concentrations were measured after section 1 (0.8 – 4.5 ppmv). However, most of this IBAL (60 – 
100%) was further removed in section 2.  
For LIM, an average loading rate of 5.3 ± 1.4 g m-3 h-1 was dosed to the biofilter (9.5 ± 2.4 ppmv; 
n = 28). Figure 4.1b shows that LIM was removed below the detection limit (0.3 ppmv) until day 
186. Between day 194 and 269 only 70 ± 12% (n = 10) of the influent was removed. During the 
whole biofiltration period, the relative contribution of each section to the total LIM removal varied 
considerably. After an adaptation period, almost all LIM was removed in section 1 (97% on day 
45), but later section 2 gradually removed a larger portion of the LIM. On day 70, 91% of the LIM 
removal occurred in section 2. However, between day 81 and 103 (n = 3), mainly section 1 (45 ± 
15%) and section 3 (38 ± 13%) removed the LIM. From day 141 almost no LIM was degraded 
anymore in section 1, and section 2 (39 ± 24%) and 3 (51 ± 19%) removed most of the LIM (n = 
15).  
The DMS influent loading rate was 6.0 ± 2.1 g m-3 h-1 (23 ± 7.9 ppmv; n = 16) After a short period 
with higher DMS influent concentrations (21 – 25 ppmv) between day 151 and 154, the influent 
concentration increased stepwise from 9.4 ppmv to 37 ppmv between day 167 and day 238 (Figure 
4.1c). Upon increasing the DMS influent concentration, a decreasing removal efficiency and 
elimination capacity (EC) was observed. The DMS removal occurred mainly in section 3 of the 
biofilter (68 ± 28%) and to a lesser extent in section 1 (15 ± 19%) and section 2 (11 ± 26%).  
The dosing of the pollutants was interrupted from day 223 – 258 for IBAL and from day 238 and 
248 to day 257 for LIM and DMS, respectively. After this period, the removal efficiencies of 
IBAL and LIM immediately recovered to the values observed before the interruption, while for 
DMS lower removal efficiencies were observed. 
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Figure 4.1. Concentrations of a. isobutanal, b. limonene and c. dimethyl sulfide for the 
sampling points A (●), B (6), C (○) and D (♦) of the biofilter. 
 
4.3.2. Physical-chemical parameters  
 
The average moisture content in section 1, 2 and 3 was 31 ± 8% (n = 34), 35 ± 6% (n = 29) and 43 
± 5% (n = 22), respectively. The more variable moisture contents in the section 1 and 2 were 
caused by drying out of the filter material and subsequent addition of water to the biofilter. The pH 
remained between 6.5 and 7.9 in section 1 and 2, except on day 266 (pH = 6.3 in section 2). In 
section 3 a pH decrease was observed from 6.5 (day 164) to 5.1 (day 266). The SO42-, NH4+-N and 
(NO3- + NO2-)-N concentrations are shown in Table 4.1. Initially, the sulfate concentrations 
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decreased gradually in each section of the biofilter. After starting the DMS dosing, however, 
sulfate accumulated in each section, especially in section 3 where most of the DMS was degraded. 
A maximum concentration of 68.9 mg SO42- g-1 compost dry weight (DW) was observed. The 
NH4+-N concentrations decreased very rapidly after biofilter start-up, and remained low or below 
the detection limit during the remainder of the experiment. Also the (NO3- + NO2-)-N 
concentrations decreased gradually, in section 1 and 2. In section 3 of the biofilter, the (NO3- + 
NO2-)-N concentration increased after day 27, and reached a maximum of 1.37 mg N g-1 DW on 
day 105. Thereafter, the latter concentration decreased gradually, until below the detection limit on 
day 214.   
 
Table 4.1. Evolution of the compost parameters sulfate, ammonium and nitrite/nitrate in the 
3 different sections of the biofilter. The detection limit (dl) was 0.01 mg N g-1 DW. nd: not 
determined. 
  Date        
Parameter  0 27 53 68  105 136 164  214 
1. SO42- S1 nd nd nd 6.4 3.9 1.56 1.6 5.3 
(mg g-1 DW) S2 nd nd nd 6.2 3.9 1.71 1.6 10.2 
 S3 nd nd nd 5.4 3.9 2.15 3.2 68.9 
2. NH4+ S1 0.64 0.026 < dl < dl 0.024 0.028 < dl < dl 
(mg N g-1 DW) S2 0.64 < dl < dl 0.011 < dl 0.012 < dl 0.016 
 S3 0.64 < dl < dl 0.025 0.016 0.027 0.03 < dl 
3. NO2-  + NO3- S1 0.63 0.32 < dl 0.012 0.04 < dl < dl < dl 
(mg N g-1 DW) S2 0.63 0.42 0.16 0.082 < dl < dl 0.02 < dl 
 S3 0.63 0.63 1.04 1.15 1.37 0.86 0.54 < dl 
 
4.3.3. Microcosm assays  
 
The pollutant concentration decrease in the microcosm tests using active and autoclaved compost 
is illustrated for IBAL in Figure 4.2 for samples in duplicate. The extent of IBAL sorption was 
small compared with the biodegradation, with first-order rate constants of 0.0019 (R2 = 85.6%) 
and 0.0026 (R2 = 69.1%) for the autoclaved compost and 0.112 (R2 = 98.4%) and 0.113 (R2 = 
99.5%) for the active compost. Also for LIM and DMS the extent of sorption was small compared 
with the biodegradation (results not shown). During application to the biofilter samples, the first-
order reaction equation showed good correlation with the experimental results. The R2 values of all 
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analyses were (mean ± standard deviation): 96.5 ± 1.9% (IBAL, n = 19), 90.7 ± 9.2% (LIM, n = 
17) and 95.5 ± 4.2% (DMS, n = 6).    
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Figure 4.2. Concentration decrease of isobutanal in the microcosm assay with active and 
autoclaved compost (in duplicate). 
 
In Figure 4.3, the evolution of the first-order rate constants (k) of biofilter sections 1 and 3 is 
shown, for IBAL, LIM and DMS, as determined by the microcosm assays. In section 1, the kIBAL 
increased almost fivefold after 60 days of operation, and decreased gradually afterwards, but 
always remained higher than on day 0. In section 3 the kIBAL increased gradually to a maximum on 
day 209, with values exceeding those of section 1. The kLIM only showed a significant increase in 
section 1 on day 110. In section 3, the kLIM also increased after start-up and was always higher 
than in section 1 from day 60 onwards. No measurement of the kDMS was available from the period 
before DMS was dosed. Eight days after starting the DMS dosing, the kDMS in section 3 was 
almost 6 times higher than in section 1. Also during the remainder of the experiment, the kDMS in 
section 3 remained 5 – 16 times higher than in section 1.    
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Figure 4.3. Evolution of the first-order rate constants for a. isobutanal, b. limonene and c. 
dimethyl sulfide in section 1 and section 3 of the biofilter. Error bars are shown for the 
samples that were analysed in duplicate or triplicate.    
 
4.3.4. Bacterial counts 
 
Plate counts show that the numbers of heterotrophs in section 1 and 3 were highly similar and 
followed the same trends in time (Figure 4.4a). On day 31 the amount of heterotrophs peaked at 
about 10 log CFU g-1 DW. Thereafter, the number of heterotrophs in both sections decreased 
gradually, to a value on day 175 of 7.3 log CFU g-1 DW in section 1 and 7.0 log CFU g-1 DW in 
section 3. In section 1, significant differences were only observed between day 31 and days 167 
and 175. In section 3, there was a significant difference between the results from days 0 to 110 and 
the results of day 167 and 175. Most probable number counts were performed to determine the 
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number of AOB during the biofiltration experiment (Figure 4.4b). In section 1, the number of 
AOB decreased from about 7.8 x 105 g-1 DW initially, to 5.9 x 103 g-1 DW on day 31. This 
decrease was slower in section 3, in which still 7.1 x 104 AOB g-1 DW remained on day 110. 
Between day 166 and 216 the number of AOB in section 3 increased again, from smaller than the 
detection limit 4.9 x 102 g-1 DW to 2.0 x 104 g-1 DW. 
 
 
Time (days)
0 50 100 150 200
H
et
er
ot
ro
ph
s 
(L
og
 C
FU
 g
-1
 D
W
)
6
7
8
9
10
11
section 1
section 3
Time (days)
0 50 100 150 200
A
O
B
 (1
03
 g
-1
 D
W
)
0
200
400
600
800
1000
a b
* ▼▼   *
 
 
 
 
 
 
 
 
Figure 4.4. a. Total heterotroph plate counts and b. Most probable number counts of 
ammonium oxidizing bacteria for section 1 and section 3. Measurements below the detection 
limit are indicated with * (< 49 g-1 DW) and ▼ (< 4.9 x 102 g -1 DW). 
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4.4. DISCUSSION 
 
4.4.1. Reactor performance 
 
The degradation rates of the selected pollutants in the biofilter decreased in the order IBAL > LIM 
> DMS. Although both IBAL and LIM were completely removed during most of the experiment, 
the sections in which the degradation occurred differed. Usually, IBAL was almost completely 
removed in section 1, while for LIM removal at least two biofilter sections were needed. DMS 
removal occurred almost completely in section 3. The IBAL, LIM and DMS loading rates in this 
study were lower than maximum ECs previously reported for these compounds in Chapter 3, and 
by other authors (Smet et al. 1997a; Smet et al. 1999b). Therefore, complete removal of all 
compounds was anticipated. This was the case for IBAL, which was usually degraded for more 
than 90% in section 1 of the biofilter, except after starting the LIM dosing and at the highest IBAL 
loading rates. The LIM degradation occurred in all biofilter sections, but its removal occurred 
deeper in the biofilter later during the experiment, until breakthrough occurred from day 194 
onwards. Therefore we suggest that IBAL degrading or other bacteria outcompeted the LIM 
degraders in section 1. Because of the much higher (dimensionless) Henry’s Law constant of LIM 
(1.05) compared with IBAL (7.36 x 10-3), lower concentrations of LIM occurred in the water 
phase and hence in the biofilm, compared with IBAL. Higher substrate concentrations in the 
biofilm could give the IBAL degrading bacteria a competitive advantage, e.g. for nutrients. This 
assumption was supported by the results from the microcosm assays, indicating a decreasing LIM 
degrading activity in section 1 from day 110. The removal of DMS in the biofilter was lower than 
90% through the experiment. The EC in section 3 (3.2 – 12.5 g m-3 h-1 between day 186 and 257), 
where most of the degradation occurred, was in the lower range of previously observed maximal 
ECs in inoculated biofilters (3.3 – 30.8 g m-3 h-1), but higher than in non-inoculated biofilters 
(Hartikainen et al. 2002; Smet et al. 1996a). The decreasing DMS ECs after day 194 could be 
caused by bacterial inhibition due to too high sulfate concentrations in the compost (De Bo et al. 
2003; Smet et al. 1996b). There was still some DMS degradation in this biofilter, however, which 
could be caused by reduced sulfate toxicity for biofilm-grown Hyphomicrobium VS or by DMS 
degradation by other bacteria that are less sensitive to sulfate accumulation. Also the pH decrease 
could contribute to the lower DMS degradation, although at pH 5 only a 20% decrease was 
observed for DMS degradation by Hyphomicrobium VS compared with pH 7 (De Bo et al. 2003).   
The persistence of DMS in the first sections of the biofilter could be caused by preferential 
degradation of IBAL, as observed by Smet et al. (1997b) for another Hyphomicrobium isolate. 
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However, batch tests with Hyphomicrobium VS in this study indicated that the strain degraded 
IBAL, but no preferential degradation of IBAL before DMS was observed when both compounds 
were simultaneously dosed (results not shown). Furthermore, on day 238, 14 days after 
interrupting the IBAL loading, the DMS degradation in section 1 had not improved, which would 
be the case if preferential IBAL degradation would limit the DMS degradation. Another potential 
cause for the low DMS removal in section 1 and 2 was the low nitrogen content of the filter 
material (on day 164 nitrogen concentrations were low in these sections but not in section 3). 
However, nutrient limitation specific for the DMS degraders is unlikely based on the results from 
the microcosm tests from section 3. The kDMS values were constant between day 160 and 210, 
while ammonium and nitrite/nitrate were depleted. Supported by the low kDMS values in section 1 
compared with those in section 3, we conclude that the low DMS elimination in the first two 
sections of the biofilter could only be attributed to inactivity or insufficient proliferation of the 
inoculum. One reason for this could be the inability of Hyphomicrobium VS to compete with 
IBAL and LIM degrading strains inhabiting the compost, e.g. for oxygen, nutrients or space.  
 
4.4.2. Specific pollutant degrading activities 
 
Microcosm assays were used to quantify changes of the potential pollutant degradation rate of the 
compost at different times during the course of the experiment. The first-order reaction equation 
fitted well with the experimental results. The lowest R2 values (68 - 89%) were observed for the 
analyses with autoclaved compost, and for most analyses exhibiting kLIM values below 0.004. 
Therefore, correlations below 90% were probably caused by a significant contribution of sorption 
towards the k values, changing the reaction kinetics. The use of first-order reaction rates has been 
used successfully in order microcosm studies, to assess the degradation of volatile organic 
compounds in solid phase samples (Moreels et al. 2004; Nielsen et al. 1996). In theory, the k value 
could be determined by both mass transfer and biodegradation. Since the same procedure was used 
for each compound, at similar moisture content values, varying k values in this study for the same 
pollutant were attributed to varying biodegradation rates. Under conditions of mass transfer 
limitation, constant k values would be observed in all experiments, which was not the case. 
However, it could not be excluded that the maximum k values observed for each compound were 
determined by mass transfer limitation instead of biodegradation.     
For IBAL, the first-order constants increased after biofilter start-up, and always remained higher 
than the values on day 0 in both sections. Although most of the time IBAL could not be detected in 
the influent of section 3, high kIBAL values were observed. This indicated that IBAL degradation 
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occurred by microorganisms having other functions in the biofilter or that very low IBAL 
concentrations (< 0.5 ppmv) could sufficiently stimulate the activity of IBAL degrading 
microorganisms. However, for LIM the first-order constants only temporarily increased in section 
1, and then returned to their initial values. In section 3 higher k-values were maintained. Therefore, 
microcosms show the establishment of a high LIM degrading activity in section 3 but not in 
section 1, in contrast with the IBAL degrading activity, which was always higher than the initial 
value. The decrease of the kLIM in section 1 from day 158 corresponded well with the low LIM 
removal in the biofilter from day 141 onwards. The good removal in section 3 of the biofilter was 
similarly reflected by the higher kLIM values in this section.  
The kDMS initially followed the degradation profiles in the biofilter closely. In section 1 the kDMS 
remained very low, indicating that only a low number of DMS degraders were active, explaining 
the low DMS removal efficiencies in this section. On day 269, a very low DMS removal was 
observed in section 3, while the kDMS only slightly decreased. This would imply that the 
deterioration of DMS removal could not be attributed to lower bacterial activities, but to 
physicochemical factors in the biofilter, such as channelling or mass transfer limitation. However, 
IBAL and LIM were still removed to a large extent, indicating that the latter was unlikely. It was 
already mentioned that sulfate accumulation was a potential cause of the decreasing DMS removal 
efficiencies. The fact that this was only slightly reflected by decreasing kDMS values could be 
caused by underestimation of the highest kDMS values due to mass transfer limitation.  
 
4.4.3. Bacterial counts 
 
Plate counting showed a decrease of the amount of heterotrophs in section 3 from 6.3 x 108 CFU g-
1 DW to 1.0 x 107 CFU g-1 DW after 170 days of operation, after a temporary increase in cell 
numbers after start-up. In section 1, this decrease was not that large and also not significant. 
Increasing bacterial cell numbers during start-up were previously observed in biofiltration studies, 
using toluene as model pollutant (Acuna et al. 1999; Song and Kinney 2000). However, in these 
studies a continuously increasing or a stable number of CFUs was observed after the initial 
increase, at carbon loading rates of 42 to 173 g C m-3 h-1. In the present study, on average 7.5 g C 
m-3 h-1 was loaded to the biofilter. The numbers of CFU at the end of the experiment was 3 – 4 
orders of magnitude lower than in the above-mentioned toluene biofiltration studies. Decreasing 
bacterial cell numbers (almost 2 log units between days 0 and 174 in this study) were not reported 
before in biofilters. This suggests that the decreasing number of bacteria in this study was due to 
the low carbon loading rates applied. 
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Ammonium oxidizing bacteria were enumerated because they are known to also metabolise DMS 
(Juliette et al. 1993). In addition, this group could be indicative for the conditions in the biofilter, 
e.g. for nutrient and oxygen availability. It has also been suggested that AOB can influence co-
existing heterotrophic microbial communities by producing soluble microbial products (De heyder 
et al. 1997). In this study the number of AOB in section 1 and 3 decreased sharply after start-up, 
although this decrease was faster in section 1 than in section 3. This agreed with the increasing 
(NO2- + NO3-) levels in the compost until day 105 in section 3, showing the higher nitrification 
activity. The ammonium was quickly depleted in both sections, which could also be due to 
volatilization and immobilization, next to nitrification. The low ammonium concentrations and 
increasing (NO2- + NO3-) concentrations suggest that ammonium-nitrogen derived from the 
organic nitrogen pool was immediately used by the AOB. Mineralization studies in grassland soils 
have shown that nitrate can accumulate from the dissolved organic nitrogen pool by the action of 
AOB, while the NH4+ concentrations remained very low (Jones et al. 2004). This was attributed to 
low carbon substrate concentrations, decreasing the NH4+ immobilization by heterotrophs. These 
findings agree with those of the current study, proposing that low carbon loading rates are 
associated with less heterotrophic biomass and higher amounts of AOB. On day 214, the number 
of AOB in section 3 increased to 2.0 x 104 g-1 DW, while in section 1 it remained below 49 AOB 
g-1 DW. Although ammonium oxidizers have been described to co-oxidize DMS, a source of 
reductant is needed for the ammonia monooxygenase enzyme. This can be provided by either 
ammonia-dependent hydroxylamine oxidation or by high levels of an endogeneous reductant 
(Juliette et al. 1993). Based on the absence of nitrate on day 214 no evidence of significant 
nitrification was found. Therefore, the energy source for the AOB could not be identified, 
suggesting that more research is needed to assess the role and possible positive or negative effects 
of AOB during DMS oxidation in biofilters.  
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4.5. CONCLUSIONS 
 
This study showed that the elimination of low loading rates of a mixture of odorous compounds 
can vary with the depth of the biofilter and with time, depending on the properties of the pollutants 
(Henry’s Law constant, requirement for inoculation). While IBAL was usually efficiently 
removed, the elimination of limonene shifted to deeper parts of the biofilter over time, leading to 
breakthrough of the compound. Although inoculation was applied to the whole biofilter, DMS 
removal occurred only in the outlet section of the biofilter. The low pollutant loading rates were 
related with a decreasing number of heterotrophs, especially in the outlet section of the biofilter. 
Microcosm tests suggested a sufficient potential for IBAL degradation throughout the experiment, 
which was maintained under low IBAL loading conditions. This was not the case for LIM in 
section 1, where elevated LIM degrading activities were not sustained. For DMS, the assays 
indicated a bad proliferation of the inoculum as an important cause of the low DMS removal 
observed. More specific techniques are needed to determine the fate of the inoculum quantitatively 
(e.g. molecular techniques targeting species-specific nucleotides).  
The decreasing pollutant removal efficiencies, bacterial activities and cell counts observed in this 
study, indicate that low pollutant loading rates could limit the long-term stability of biofilters. This 
was demonstrated for LIM, a highly volatile and hydrophobic compound, and DMS, requiring 
inoculation for sufficient pollutant removal. 
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INOCULATION AND START-UP OF A BIOTRICKLING FILTER REMOVING 
DIMETHYL SULFIDE1
 
 
SUMMARY 
 
Two Hyphomicrobium VS inoculation protocols were compared for start-up of a biotrickling filter 
removing dimethyl sulfide (DMS). One biotrickling filter (HBF 1) was filled with rings that were 
submerged in a nutrient medium containing Hyphomicrobium VS fed with DMS, another 
biotrickling filter (HBF 2) was similarly filled with rings that were submerged in nutrient medium, 
but continuously supplied with actively growing Hyphomicrobium VS and fed with methanol. 
Initially, about 40 times more Hyphomicrobium VS cells were attached to the rings in the HBF 2. 
During the experiment, two to three times more Hyphomicrobium VS cells were still found to be 
present on the rings in the HBF 2 compared to HBF 1. The maximal DMS elimination capacity at 
90% removal efficiency of the HBF 1 was 7.2 g m-3 h-1 after 30 days of operation. The elimination 
capacity decreased, however, when the inlet loading rate exceeded 15 g m-3 h-1 (200 ppmv inlet 
concentration). The performance of the HBF 2 was much better, with an elimination capacity of 
8.3 g m-3 h-1 (90% removal efficiency) after 2 days of operation, increasing to a maximum of 57 g 
m-3 h-1 at 92% removal efficiency. Microbial community analysis with denaturing gradient gel 
electrophoresis showed very different microbial communities in both biotrickling filters (Pearson 
correlation coefficient of 0%). Moreover, the decreased DMS elimination capacity of the HBF 1 at 
higher influent loading rate corresponded with a drastic change of the microbial community on the 
rings. The latter observations suggest that the functional efficiency of the microbial community in 
a biotrickling filter can be related to its composition. 
 
 
 
 
                                                 
1 Redrafted after Sercu B, Núñez D, Aroca G, Boon N, Verstraete W, Van Langenhove H. 2005. 
Inoculation and start-up of a biotrickling filter removing dimethyl sulfide. Chem. Eng. J. 113: 127-
134. 
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5.1. INTRODUCTION 
 
Biological waste gas treatment techniques can provide cost-effective solutions for treating odorous 
or solvent laden airstreams (Kennes and Thalasso 1998; van Groenestijn and Hesselink 1993). The 
most widely known and used technique is biofiltration, which is generally also the most 
economical one. A biofilter usually consists of an organic filter bed, containing microorganisms 
and nutrients, in which gaseous pollutants are degraded. Its major drawback is limited process 
control, potentially leading to dehydration and acidification, dependent on the waste gas 
characteristics. Biotrickling filters are more recent designs, in which microorganisms form a 
biofilm on an inert carrier material that is kept moist by circulation of a liquid medium. These 
bioreactors provide superior process control, which is an advantage especially for highly 
concentrated waste streams or waste streams containing acidifying pollutants, like sulfur, chlorine 
or nitrogen containing compounds. In biofilters, a sufficient number and a high diversity of 
microorganisms are generally present and therefore, inoculation is not frequently applied. Only in 
a few cases has it been shown that inoculation was beneficial, e.g. for removal of volatile organic 
sulfur compounds (Cho et al. 1992b; Smet et al. 1996a) or ethene (Vanginkel et al. 1987). In a 
number of other studies, inoculation was applied as a standard procedure, although its usefulness 
was not demonstrated or investigated (Aizpuru et al. 2001; Grove et al. 2004; Kiared et al. 1997; 
Quinlan et al. 1999; Sheridan et al. 2003; Wani et al. 1999). In biotrickling filters, few 
microorganisms are initially present on the carrier material and inoculation is therefore always 
needed. Mostly (enriched) mixed microbial communities of unknown composition are used for 
this purpose (Chang and Lu 2003; Chou and Lu 1998; Lu et al. 2004; Moller et al. 1996; 
Ruokojarvi et al. 2001; Tresse et al. 2002). Usually a standard inoculation protocol is applied, by 
recirculating the inoculum liquid over the packing for a few hours before or directly upon start-up 
of the biotrickling filters. It can take up to several weeks before the bioreactors are effective in 
removing the gaseous pollutants. To our knowledge, there are no studies attempting to shorten the 
start-up period or to increase the elimination capacity by modifying the inoculation protocol, 
although this could be of practical importance. One possible strategy is to maximize the number of 
useful, pollutant-degrading strains and to minimize the presence of microorganisms that are not 
directly metabolizing the pollutants, by inoculating with axenic cultures of microorganisms. 
However, only few studies have applied inoculation with axenic cultures (e.g. Cox et al. (1999), 
Kirchner et al. (1991)) and little information is available on how microbial communities evolve 
during or after inoculation of biotrickling filters.  
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In recent years, molecular techniques have been increasingly applied to investigate microbial 
community composition in various ecosystems, including in biofilters and biotrickling filters. 
Cloning and sequencing of 16S rRNA is the most powerful technique for analysing microbial 
diversity in natural samples. However, for studying population changes, this approach is laborious, 
time consuming and expensive. With genetic fingerprinting techniques such as DGGE or 
(terminal) restriction fragment analysis, multiple samples can be analyzed simultaneously, as is 
required for studying the complex dynamics of microbial communities (Muyzer 1999).  
In this study, the efficacy of the method of inoculation of a biotrickling filter with 
Hyphomicrobium VS was investigated to remove dimethyl sulfide from waste gases. Two different 
inoculation protocols are described, and the evolution of the Hyphomicrobium VS cell numbers 
and the biofilm microbial communities was investigated using plate-counting and DGGE, 
respectively.  
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5.2. MATERIALS AND METHODS 
 
Microorganisms and media. Hyphomicrobium VS (Pol et al. 1994) was grown using mineral 
medium, containing 3 g L-1 K2HPO4 , 3 g L-1 KH2PO4, 3 g L-1 NH4Cl, 0.5 g L-1 MgSO4.7H2O and 
0.01 g L-1 FeSO4.7 H2O at pH 7, with the addition of 1% (v/v) methanol. Hyphomicrobium VS was 
initially cultured by adding 50 µL of the strain (kept at -80 °C in glycerol) to 5 mL of mineral 
medium containing 1% of methanol, and incubating the suspension for 5 days at 37 °C. For 
growing Hyphomicrobium VS on DMS, 20 mL of this pregrown culture was centrifuged and 
washed with saline (0.9% NaCl) twice and added to 1 L of mineral medium. This suspension was 
provided with 100 ppmv DMS in air (200 mL min-1) until growth was visible (4.0 ± 1.0 x 107 cells 
mL-1). For starting the growth of Hyphomicrobium VS in a chemostat, 20 mL of the pregrown 
culture was added to 2 L of mineral medium. The chemostat was subsequently aerated and 
supplied with fresh, sterile mineral medium at 75 mL h-1 and methanol at a 1% influent 
concentration. The hydraulic residence time of this reactor (26.7 h) was slightly greater than the 
Hyphomicrobium VS doubling time (about 24 h). The effluent of this chemostat was used in the 
second inoculation protocol (see below).  
 
Biotrickling filter construction. The biotrickling filter is made of plexiglass (internal diameter: 
0.045 m) and packed with 1 L of polyethylene carrier rings (diameter: 10 mm, height: 7 mm, free 
volume: 75.6%, specific surface area: 333 m2 m-3) (Kaldnes Miljøteknologi AS, Tønsberg, 
Norway). The carrier rings for the DMS degrading biofilters were coated with PDMS prior to 
packing of the reactor to improve the adhesive properties of the rings. Therefore, a 10% PDMS 
solution was prepared by mixing 10% (v/v) of 2-compontent RTV (0.9 vol of RTV 615 A and 0.1 
vol of RTV 615 B) (GE Bayer Silicones, Bergen Op Zoom, The Netherlands) in hexane for 30 min 
at 70 °C. The rings were subsequently immersed in the solution and dried overnight for 
evaporation of the solvent. Finally, the coated rings were baked in an oven at 105 °C for 1h, to 
ensure good adhesion of the PDMS on the rings. After coating, the PDMS density on the rings was 
2.13 mg PDMS m-2, or 20 µm theoretical film thickness. 
The liquid medium was recirculated over the biotrickling filter at 150 mL min-1. The recycled 
liquid medium was refreshed in a semi-continuous mode, by replacing 10% of the medium every 
day (hydraulic residence time 10 days), in order to keep the nutrient concentrations sufficiently 
high and to prevent sulfate accumulation (< 15 g L-1). In the medium for Hyphomicrobium VS, the 
3 g L-1 NH4Cl was replaced by 6.7 g L-1 KNO3 to prevent growth of autotrophic ammonium 
oxidizing bacteria. If the pH was lower than 6.5, it was adjusted to 7 by adding 1 M NaOH 
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manually. The air flow (dry air, Air Liquide) was provided in upflow mode (countercurrent with 
the liquid medium), at 0.5 L min-1, providing an EBRT of 120 s in each bioreactor. DMS was 
dosed in the air stream by a capillary diffusion system, as described by Smet et al. (1993). The 
system consists of one or more 4 mL vessels containing the liquid DMS, placed in a thermostatic 
water bath and each connected with the main air stream with a diffusion capillary. A concentration 
gradient between a vessel and the upper outlet of the diffusion capillary forces the compound to 
diffuse through the capillary. The DMS mass flux to the air stream is dependent on the capillary 
dimensions, water bath temperature and total pressure in the main air stream. Additional 
overpressure is provided by forcing the main air stream through capillary tubing before entering 
the reactor, to minimize the effect of varying atmospheric pressures. In this case the concentration 
of DMS in the air stream was regulated by the number of vessels connected to the air stream. Gas 
sampling ports were provided in the tubing before and after the biotrickling filter.  
 
Inoculation procedure and biotrickling filter experiments. A scheme of both inoculation 
procedures used in this study is shown in Figure 5.1. In the first DMS degradation experiment 
(HBF 1), 1 L of rings were inoculated by submerging them for 24 h in 1 L of Hyphomicrobium VS 
culture, already adapted to degrade DMS (4.0 ± 1.0 x 107 cells mL-1). An air stream containing 100 
ppmv of DMS was bubbled through this reactor at a flow rate of 200 mL min-1. After 24 h, the 
biotrickling filter column was packed with the inoculated rings and the operation of the reactor 
started. In a second inoculation protocol (HBF 2), the coated rings were inoculated by incubating 1 
L of the rings in a 2 L Erlenmeyer. An actively growing Hyphomicrobium VS culture was 
continuously added to this Erlenmeyer, at a rate of 75 mL h-1, from a chemostat of the bacteria. 
Oxygen was supplied into the flask by air sparging. After 5 days the rings were added to the 
biotrickling filter and the operation of the reactor started. 
 
Analytical methods. Dimethyl sulfide concentrations were measured by a Varian 3700 GC 
equipped with a FID and a 30 m CP-SIL 5CB column (Chrompack, internal diameter 0.53 mm, 
film thickness 5 µm). A Pressure-Lok Precision Analytical Syringe (Alltech Ass.) was used for 
injecting 1 mL gas samples. Calibration standards were prepared as mentioned in Chapter 4. 
Sulfate and nitrate concentrations were measured by analyzing the recycling medium with ion 
chromatography, using an IC 761 Compact Ion Chromatograph (Metrohm) with a metrosep A 
supp 5 column and a metrosep A 4/5 guard column. The mobile phase consisted of a 3.2 mM 
Na2CO3 and 1 mM NaHCO3 buffer, supplemented with 5% acetone, supplied at a flow rate of 0.5 
mL min-1. The pH of the liquid recycle was measured with a pH electrode (Jenway 3310). 
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 A B 
 
 
 
 
 
 
 
 
 
Figure 5.1. Schematic representation of the inoculation protocols used. A: 1. Air + DMS 
inlet, 2. rings + mineral medium + Hyphomicrobium VS; B: 3. methanol, 4. mineral medium, 
5. Hyphomicrobium VS + mineral medium, 6. air, 7. rings + mineral medium + 
Hyphomicrobium VS. 
 
Microbial community analysis. The diversity of the microbial community in both the liquid 
recycle medium and the biofilm on the carrier rings was analyzed by plate counts and by DGGE. 
For the liquid, 2 mL samples were taken from the storage tank. For the biofilm sampling, all rings 
were removed from the biotrickling filter, mixed and five rings were randomly taken. Those 5 
rings were sonicated for 10 min in 5 mL of sterile deionized water with a Branson 2200 sonicator, 
operating at 47 kHz. Counting of Hyphomicrobium VS CFUs was performed by plating 100 µL 
from a dilution series of the sample material on agar plates, using mineral medium containing 15 g 
L-1 agar. Each dilution was supplemented with 1% filter-sterilized methanol (modified from Pol et 
al. (1994)). Isolation on nutrient agar was performed for samples of the HBF 1.  
DNA extraction was performed as described by Boon et al. (2000) using 2 mL of liquid sample or 
extract from the rings. The extracted DNA was dissolved in 100 µL of sterile deionised water. The 
crude DNA extract was further purified with Wizard DNA Clean-Up System (Promega, Madison, 
Wisconsin, USA), according to manufacturer instructions and the purified DNA was finally 
recovered in 50 µl DNase- and RNase-free filter-sterilized water and frozen at –20 °C until further 
analysis. DNA amplification was performed with the primers P338F (with GC-clamp) and P518r 
(Ovreas et al. 1997) (see Chapter 3). DGGE analysis was performed as described in Chapter 3, 
using denaturing gradients ranging from 45 to 70%. To compare banding patterns in DGGE gels, 
the Shannon Diversity Index (HSh) was used (similarly as the ASh for 16S rRNA-based DGGE in 
Chapter 3). 
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5.3. RESULTS  
 
5.3.1. DMS degradation and inoculation protocol 
 
In Figure 5.2, the DMS influent and effluent concentration, Bv and EC of the first biotrickling 
filter inoculated with Hyphomicrobium VS (HBF 1) are shown. The DMS influent concentration 
of this 47 day long experiment was gradually increased from 45 to about 200 ppmv. The first day 
of operation, a removal efficiency of 58% was observed. After an adaptation period of 16 days, a 
stable removal efficiency of 90 ± 1% was obtained for the next 11 days, at influent concentrations 
varying between 44 and 91 ppmv. During a further increase of the DMS influent concentration, 
some temporary decreases of the removal efficiency were observed, mostly due to sharp increases 
of the influent concentration. However, on day 37, at a DMS influent concentration of 117 ppmv, 
the removal efficiency decreased sharply to 68%. The highest observed EC during this experiment 
at η > 90% was 7.2 g m-3 h-1, while the ECmax  was 9.3 g m-3 h-1 on day 42 (η = 68%). After the 
DMS influent concentration was further increased up to 200 ppmv, the removal efficiency 
decreased below 50%. In addition, the EC also decreased from 8.3 ± 0.8 g m-3 h-1 (day 41 – 44) to 
5.2 ± 0.2 g m-3 h-1 (day 45 – 47). The pH value of the circulating liquid was controlled between 5.9 
and 7 during the entire experiment. Because the maximum DMS elimination capacities were low 
compared with literature data (Ruokojarvi et al. 2001), even after 47 days of reactor operation, it 
was decided to start up a new biotrickling filter to try to increase the maximum EC.  
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Figure 5.2. Left axis: DMS inlet (●) and outlet (∆) concentration; right axis: DMS loading 
rate (●) and elimination capacity (○) for the HBF 1. 
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The second DMS degrading biotrickling filter (HBF 2) was started, after using an adapted 
Hyphomicrobium VS inoculation protocol. The main differences between both protocols were (i) 
the carbon source, being DMS in the first protocol and methanol in the second and (ii) the 
inoculation reactor, operated in batch mode or continuously supplied with actively growing 
bacteria in the first and second protocol, respectively. 
After 2 days of operation, a removal efficiency of 90% was already obtained, at DMS influent 
concentrations of about 120 ppmv (EC = 8.3 g m-3 h-1) (see Figure 5.3). At this point, the 
elimination capacity was larger than obtained in HBF 1, at similar removal efficiency. The DMS 
influent concentration was gradually increased to a final concentration of 600 - 800 ppmv between 
day 63 and 72. During this concentration increase, the DMS removal efficiency of the HBF 2 
remained between 88 and 99% (day 3 to 72), except for some temporary decreases. The decreases 
in removal efficiency on day 30, 57 and 62 can be explained by increases of the DMS influent 
concentration with steps of 120 to 200 ppmv. Adaptation periods of 1 - 2 days were required for 
the microorganisms to adapt to higher DMS influent concentrations. The lower removal efficiency 
(η = 14%) on day 41, on the other hand, can be explained by a temporary decrease of the pH of the 
liquid medium to 5. This low pH was caused by a delayed change-out of the medium for 3 days, 
causing accumulation of H2SO4, but again, recovery of the removal efficiency was obtained after 1 
day. All other measured pH values remained between 6.1 and 7. The highest EC obtained with the 
HBF 2 was 57 g DMS m-3 h-1 (η = 92%) on day 65.  
 
igure 5.3. Left axis: DMS inlet (●) and outlet (∆) concentration; right axis: DMS loading 
Time (days)
0 10 20 30 40 50 60 70
C
on
ce
nt
ra
tio
n 
D
M
S 
(p
pm
v)
0
200
400
600
800
1000
D
M
S 
B
v a
nd
 E
C
 (g
 m
-3
 h
-1
) 
0
10
20
30
40
50
60
70
F
rate (●) and elimination capacity (○) for the HBF 2. 
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5.3.2. Microbial community dynamics 
hortly after inoculation, the cell number on the rings for HBF 2 was about 40 times higher than 
able 5.1. Hyphomicrobium VS plate counts for the biotrickling filters after the first (HBF 1) 
Liquid (CFU mL-1) 
 
S
for HBF 1 ((1.4 ± 0.5) x 109 CFU ring-1 and (3.4 ± 1.3) x 107 CFU ring-1, respectively) (Table 5.1). 
However, after inoculation the number of Hyphomicrobium VS increased in HBF 1 and decreased 
in HBF 2. After 20 days the mean number of Hyphomicrobium VS on the carrier rings was about 
two to three times greater in HBF 2. Moreover, significant amounts of Hyphomicrobium VS were 
present in the liquid phase of both reactors, although these numbers were more variable than those 
for the bacteria attached to the rings.  
 
T
and second (HBF 2) inoculation protocol. Results are shown for the biofilm on the rings and 
for the recycle liquid. nd: not determined. 
 Biofilm (CFU ring-1) 
Day HBF F 2 HBF BF 2 
(3.4±1.3) x 107 (1.4±0.5) x 109 (7.6±2.1) x 107
 1 HB 1 H
0 nd 
17 (1.0±5.0) x 105
(1.9±0.4) x 108 (3.0±1.0) x 108
(4.2±5 x 108 (3.0±7.0) x 106
(1.3±0.3) x 108 (6.0±4.0) x 106
(5.3±0 x 108 (2.0±1.0) x 107
nd (3.8±0.8) x 108 nd 
20 nd nd 
44 nd .0) nd 
47 nd nd 
71 nd .5) nd 
 
lating on nutrient agar showed that six different colony types of heterotrophs were present in the P
HBF 1 (results not shown). Amplified DNA extracts of the two most important (orange and white) 
colonies were loaded on DGGE gels, to compare their occurrence in DNA extracts from the 
biofilm samples. For HBF 2, heterotrophic plate counts were not performed, and only DGGE was 
used to assess microbial diversity. The white and orange colonies that were found on the nutrient 
agar plates appeared to be invisible or very faint in the mixed communities of the HBF 1 and 2, 
based on the DGGE analyses (Figure 5.4).  
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igure 5.4. DGGE patterns of the biofilms in the HBF 1 and HBF 2. The bands 
isual inspection of the gel patterns in Figure 5.4 indicated that the microbial community in the 
d after inoculation during some 44 
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corresponding with Hyphomicrobium VS are shown in squares. The banding patterns of the 
isolated orange and white colonies and the pure Hyphomicrobium VS culture are marked as 
O, W and H, respectively. Equal reference markers (M) are incidated with numbers from 1 
to 8. Series of equal bands are marked with *, V, ○ and ◊. The dates of the samples are 
indicated above the gel picture. 
 
V
HBF 1 biofilm changed slightly between the inoculation and day 28 and then remained unchanged 
until day 40. Five major bands present on day 1 (Hyphomicrobium VS and the bands marked with 
symbols) remained present during the first 40 days of reactor operation. Only one major band had 
disappeared by day 40. Between day 40 and 45, however, a sudden change in microbial 
community composition was observed, with one band becoming very dominant. At the same time, 
the band corresponding to Hyphomicrobium VS disappeared.  
The microbial community in the biofilm of the HBF 2 evolve
days. Visual inspection of the gel patterns shows that 10 out of the 16 ribotypes, representing the 
microorganisms initially present on the inoculated rings, had disappeared on day 60, while at that 
○ 
◊ ◊ ◊ 
○ ○ 
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time about 5 new ribotypes were present. It took between 44 and 60 days before a stable microbial 
community was obtained. In the banding patterns, the band representing Hyphomicrobium VS can 
clearly be distinguished (except for day 44), next to a diversity of ribotypes that were not present 
in the initial inoculum.  
 
The HSh was rather constant in HBF 1 initially (2.1 ± 0.2), but then decreased to a minimum of 1.5 
at the end of the experiment (Figure 5.5). In HBF 2, however, a value greater than 2.0 was 
maintained during the experiment, except for a decrease to 1.8 after reactor start-up.   
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Figure 5.5. Shannon diversity index (HSh) for the biofilm samples of the HBF 1 ●) and HBF  (
2 (○) 
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5.4. DISCUSSION 
 
The DMS removal efficiency and the EC of HBF 1 were not as good as was initially expected, 
based on comparison with literature data. The ECmax was 9.3 g m-3 h-1 (η = 68%), which compares 
unfavorably with values in the literature from about 16 g m-3 h-1 (η = 71%) (Pol et al. 1994) to as 
large as 71 g m-3 h-1 (η > 99%) (Ruokojarvi et al. 2001). Besides the low ECmax in the reactor, a 
decreasing EC was observed after the application of loading rates exceeding 15 g m-3 h-1. It is 
likely that inhibition of the biological activity occurred, possibly due to toxicity of the high DMS 
influent concentrations (about 200 ppmv). Smet et al. (1996a) have previously shown that high 
DMS concentrations can exert a toxic effect on a Hyphomicrobium enrichment culture, especially 
at concentrations exceeding 300 ppmv. In the experiments with HBF 1, the operational parameters 
were controlled as follows: pH 6 – 7; sulfate concentration < 15 g L-1; nitrate concentration 2.5 – 
5.3 g L-1 and hydraulic residence time of the circulated medium 10 d. Because these conditions 
should provide good growing conditions for Hyphomicrobium VS (Pol et al. 1994; Ruokojarvi et 
al. 2001), it was expected that the cause of the overall low removal efficiencies in HBF 1 was 
related to the composition or activity of the microbial community that colonized the rings rather 
than due to suboptimal operational conditions. After starting HBF 2, the DMS removal efficiencies 
obtained and the elimination capacities confirmed that the 2nd inoculation protocol provided 
superior start-up and long-term stability of the biotrickling filter, even at DMS influent 
concentrations up to 800 ppmv (inlet loading = 62 g m-3 h-1). Reactor operation revealed that the 
DMS removal efficiency was sensitive to DMS step increases of 50 ppmv or more and to a pH 
decrease below 5.  
 
After the first inoculation protocol, the microbial diversity of the biofilm was investigated by 
plating on nutrient agar and by DGGE analysis. Rather low colony diversity (6 different colony 
types) was obtained with the plate counts, compared with the 13 – 15 ribotypes observed on the 
DGGE patterns of HBF 1. Comparing the corresponding DGGE bands of the 2 major colony types 
with the actual banding pattern of the total biofilm microbial community showed that the isolated 
microorganisms constituted only minor part of the biofilm microbial community. Therefore, plate-
counting was discontinued for microbial community analyses in HBF 2, because of apparent 
selective enrichment for only a portion of the bacteria present. Wagner et al. (1993) have also 
observed that culture dependent community structure analysis of activated sludge produced partial 
and heavily biased results when compared with oligonucleotide probing.   
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When Hyphomicrobium VS cell counts and DGGE patterns for the HBF 1 and HBF 2 biofilms 
were compared, a major influence of the inoculation protocol on the microbial community and its 
evolution could be observed. In the HBF 1, about 40 times lower Hyphomicrobium VS cell 
numbers were initially present on the rings compared to those in HBF 2. One of the reasons for 
this is probably the faster growth rate of Hyphomicrobium VS on methanol than on DMS. 
According to de Zwart et al. (1997), growth rates of Methylophaga sulfidovorans, a representative 
for methylotrophs in microbial mats, are about 4 times lower on DMS (μ = 0.08 h-1) than on 
methanol (μ = 0.3 h-1). Also Pol et al. (1994) estimated the maximum growth rates of 
Hyphomicrobium VS on methanol and dimethyl disulfide to be about 0.14 h-1 and 0.065 h-1, 
respectively. After 20 days of reactor operation, the difference in the numbers of Hyphomicrobium 
VS cells was much less, but they remained present on the rings of HBF 2 at an average of  a factor 
of two to three times more than in HBF 1. The high initial Hyphomicrobium VS cell number of 
(1.4 ± 0.5) x 109 CFU ring-1 could not be sustained during reactor operation, indicating that a 
maximal carrying capacity of about 4 to 5 x 108 CFU ring-1 was reached. At the end of the 
experiment with HBF 1, a slight decrease of the DMS EC was observed. One can infer from the 
data in Table 5.1 that a significant decrease of the Hyphomicrobium VS cell numbers in the 
biofilm is not an explanation for the decrease in HBF 1 performance. The decreased EC could 
possibly be due to a decreased DMS degrading activity of Hyphomicrobium VS, due to toxicity or 
other effects.  
Besides the different Hyphomicrobium VS cell numbers, clear differences could be observed in the 
DGGE banding patterns of both reactors. Immediately after inoculation, a very different microbial 
community was present in both biofilters (Pearson correlation coefficient 0%). This difference is 
probably due to the different carbon source that was used in both inoculation protocols, being 
DMS for HBF 1 and methanol for HBF 2. The abundance of methanol degrading microorganisms 
in the environment is not surprising, because methanol biofiltration has been reported to be very 
efficient without inoculation (Demeestere et al. 2002; Krailas et al. 2000; Mohseni and Allen 
2000; Yang et al. 2002). Examples of heterotrophs able of growth on methanol are members of the 
genera Pseudomonas, Sphingomonas, Alcaligenes, Methylosinus and Methylobacterium (Doronina 
et al. 1997; Kang et al. 2001; Pineda et al. 2004; Sines et al. 1994; Stepnowski et al. 2004). DMS 
degrading bacteria are not abundant in the environment, as evidenced by the often problematic 
DMS degradation in biofilters and biotricking filters (Goodwin et al. 2000; Van Langenhove et al. 
1992). The change in carbon source from methanol to DMS after starting HBF 2 can also explain 
the slowly evolving microbial community in this reactor. It took between 44 and 60 days before a 
stable community was observed, which is longer than observed by Tresse et al. (2002), who found 
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that it took about 35 days before the biofilm composition in a biotrickling filter treating styrene 
was adapted to the reactor operating conditions. In the Tresse et al. case, however, an inoculum 
already exposed to styrene was used, which may explain the shorter adaptation period.  
In HBF 1 the initial change, as observed in the DGGE pattern, was much less pronounced, because 
DMS was used as carbon source during the inoculation protocol and during the biofiltration 
experiments. The DGGE pattern of both HBF 1 and HBF 2 showed that a diverse microbial 
community had developed already on day 1, because it was not possible to perform all 
manipulations during inoculation in a completely sterile manner. Although especially 
Hyphomicrobium spp. and Thiobacillus spp. are known to fully degrade DMS, also other bacteria 
can partially or fully catabolize DMS (e.g. Pseudomonas spp., Acinetobacter sp. strain 20B), 
stimulating other bacteria to grow in the biofilm using excreted metabolites (Horinouchi et al. 
1997; Lomans et al. 1999; Zhang et al. 1991b). It is also possible that sulfate-reducing bacteria are 
present, anaerobically catabolizing DMS (Lomans et al. 2001), provided anaerobic pockets exist 
deeper in the biofilm. When methanol was used as a carbon source during the 2nd inoculation 
experiment, even larger range of bacteria could grow in the medium or in the biofilm, which could 
explain the higher diversity of the HBF 2 (HSh = 2.7) compared with that of the HBF 1 (H = 2.1) 
on day 1.  
When the reactor performance and microbial community analysis data were combined, two major 
observations were made. Firstly, in HBF 2, which performed much better than HBF 1 in terms of 
EC and removal efficiency, about twice as many Hyphomicrobium VS cells were present on the 
carrier material than in the HBF 1. A potential benefit of the second inoculation protocol is 
therefore a greater number of Hyphomicrobium VS cells on the packing immediately after 
inoculation and to a lesser extent throughout the entire period of reactor operation. Apart from the 
initial change after inoculation, this number remained quite constant during the whole experiment 
for both biotrickling filters, as shown in Table 5.1. The EC in both reactors increased, however, 
e.g., from 4 g m-3 h-1 to about 50 g m-3 h-1 in HBF 2. Therefore no correlation existed between 
Hyphomicrobium VS cell numbers in the biofilm and the EC of HBF 2. Other authors have also 
not observed correlation between cell numbers and EC in a biofilter treating toluene, and therefore 
have suggested limitation by important environmental factors (Acuna et al. 1999). In the present 
study it can be expected that the activity of the Hyphomicrobium VS cells in HBF 2 was greater 
than in HBF 1, because an increase in cell numbers by a factor of two to three was related to a six-
fold increase of the ECmax. When the Shannon Diversity Index was examined, no clear difference 
could be observed that related to the different ECs of the two biotrickling filters. There is a 
possibility, however, that by using the second inoculation protocol, other DMS-degrading bacteria 
114 
Inoculation and start-up of a DMS degrading biotrickling filter 
besides Hyphomicrobium VS developed in HBF 2, which were not present in HBF 1. If so, that 
could then explain an increase in the DMS EC in HBF 2. A second major observation in this study 
was the sudden shift in the microbial community composition of the HBF 1, when the EC of DMS 
decreased after 45 days of operation. This shift was illustrated by a reduction of the diversity index 
HSh to a value of 1.5, and reflected that one invading ribotype became dominant, as is clear in the 
DGGE gel pattern at day 45 (Figure 5.4). Possibly, this exerted a negative effect on the DMS-
degrading activity of Hyphomicrobium VS. According to Jiang and Morin (2004) many factors can 
potentially influence the susceptibility of a community to biological invasions, including habitat 
disturbance and community structure. In this case, this could mean that the high DMS inlet 
concentrations or the community structure after the first inoculation protocol, respectively, were 
potential important factors. None of the physico-chemical parameters analyzed could, however, be 
related with the sudden change of the microbial community. Some authors have also attempted to 
relate microbial diversity to the functioning of reactors. In some cases positive (Ferrera et al. 2004; 
Wohl et al. 2004) but in other cases no correlations (Hench et al. 2004) were reported. From the 
plate counts it was clear that although one new ribotype became dominant in the DGGE gels, 
Hyphomicrobium VS numbers on the rings remained high (1.3 x 108 CFU ring-1). The observation 
that Hyphomicrobium VS was no longer visible in the gel patterns can be attributed to the fact that 
DGGE banding patterns only show bacteria present at levels greater than about 1 or 2% of the total 
bacterial community (Muyzer et al. 1993).  
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5.5. CONCLUSIONS  
 
In this study it was shown that the inoculation protocol can strongly influence the biofilm 
microbial community of a biotrickling filter treating DMS, and therefore reactor performance. A 
second inoculation protocol was shown to result in a superior outcome. Most likely because a 
greater number of Hyphomicrobium VS cells were introduced and ultimately remained active on 
the rings during reactor operation, allowing for a very rapid start-up and prolonged DMS-
degrading activity, even at DMS concentrations exceeding 800 ppmv. The results suggested, 
however, that also the other bacteria besides the inoculum influenced the DMS removal efficiency 
in the reactor.  
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OPERATIONAL AND MICROBIOLOGICAL ASPECTS OF A BIOAUGMENTED TWO-
STAGE BIOTRICKLING FILTER REMOVING HYDROGEN SULFIDE AND 
DIMETHYL SULFIDE1  
 
 
SUMMARY 
 
A two-stage biotrickling filter was developed for removing dimethyl sulfide (DMS) and hydrogen 
sulfide (H2S). The first biotrickling filter (ABF) was inoculated with Acidithiobacillus thiooxidans 
and operated without pH control, while the second biotrickling filter (HBF 2) was inoculated with 
Hyphomicrobium VS and operated at neutral pH. High DMS elimination capacities were observed 
in the HBF 2 (8.2 g DMS m-3 h-1 at 90% removal efficiency) after 2 days. Maximal observed 
elimination capacities were 83 g H2S m-3 h-1 (100% removal efficiency) and 58 g DMS m-3 h-1 
(88% removal efficiency) for the ABF and the HBF 2, respectively. The influence of a decreasing 
empty bed residence time (120 down to 30 s) and the robustness of the HBF 2 towards changing 
operational parameters (low pH, starvation and DMS and H2S peak loadings) were investigated. 
Sub-optimal operational conditions rapidly resulted in lower DMS removal efficiencies, but 
recovery of the HBF 2 was mostly obtained within a few days. The H2S removal efficiency in the 
ABF, however, was not influenced by varying operational conditions. In both reactors, microbial 
community dynamics of the biofilm and the suspended bacteria were investigated, using DGGE. 
After a period of gradual change, a stable microbial community was observed in the HBF 2 after 
60 days, although Hyphomicrobium VS was not the dominant microorganism. In contrast, the ABF 
biofilm community was stable from the first day and only a limited bacterial diversity was 
observed. The planktonic microbial community in the HBF 2 was very different from that in the 
biofilm.  
 
 
 
                                                 
1 Redrafted after Sercu B, Núñez D, Van Langenhove H, Aroca G, Verstraete, W. 2005. 
Operational and microbiological aspects of a bioaugmented two-stage biotrickling filter removing 
hydrogen sulfide and dimethyl sulfide. Biotechnol. Bioeng. 90: 259-269. 
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 6.1. INTRODUCTION 
 
The emission of reduced sulfur compounds (RSC), such as hydrogen sulfide (H2S), methyl 
mercaptan, dimethyl sulfide and dimethyl disulfide is found in many industrial activities like waste 
water treatment, Kraft pulping, animal rendering and composting (Ruokojarvi et al. 2001, Smet et 
al. 1996a). The main problem with these compounds is the combination of their bad smell and 
very low odour threshold (e.g. DMS 1.2 ppbv, MT 2.4 ppbv). Physical-chemical methods for 
treating gaseous emissions containing hydrogen sulfide and organic sulfur compounds have 
relatively high energy requirements and high chemical and disposal cost. Biological treatment 
methods have been proposed as a convenient alternative.  
Several biological processes for treating gaseous emissions contaminated with sulfur compounds 
and especially H2S have been reported, like biofilters, biotrickling filters or activated sludge 
biofilters (Deshusses 1997, Kennes and Thalasso 1998). Biotrickling filters instead of organic 
biofilters, allow better control of environmental conditions, easy elimination of the reaction 
products and good biomass adaptation capacity. A number of different microorganisms have been 
used for the inoculation of bioreactors removing RSC. These include mainly bacteria from the 
genera Thiobacillus, Acidithiobacillus and Hyphomicrobium (Cha et al. 1999, Cho et al. 1991, 
Kanagawa and Mikami 1989, Smet et al. 1998, Zhang et al. 1991a), but also pseudomonads have 
shown degradation activity on H2S and organic sulfur compounds (Chung et al. 1996a, Zhang et 
al. 1992). Particularly Acidithiobacillus thiooxidans, that has the ability to grow using H2S as 
energy source at low pH, is suited for inoculation of H2S degrading biotrickling filters, because no 
or limited pH control is required. Although sufficient microorganisms are known that degrade 
RSC, the treatment of a mixture of RSC remains challenging for several reasons. Firstly, H2S is 
preferentially degraded over dimethyl sulfide or other organic sulfur compounds (Cho et al. 1992b, 
Wani et al. 1999, Zhang et al. 1991a) because H2S oxidation is the energy yielding process (Smet 
et al., 1998). Secondly, the degradation of MM, DMS and DMDS is realised with high efficiency 
at neutral pH, but decreases at low pH (Smet et al. 1996a). Thirdly, the degradation rates decrease 
in the order H2S > MM > DMDS > DMS (Cho et al. 1991, Smet et al. 1998). To resolve these 
problems, a few two-stage systems have been proposed (Kasakura and Tatsukawa 1995, Park et al. 
1993, Ruokojarvi et al. 2001). The most recent one, developed by Ruokojarvi et al. (2001) 
consisted of two biotrickling filters, connected in series, inoculated with a microbial consortium 
enriched from sludge water from a refinery, with H2S or DMS, respectively. The reactors were 
operated at different pH levels, to allow efficient removal of organic sulfur compounds at neutral 
118 
Two-stage biotrickling filtration of H2S and DMS 
 
pH in the second reactor. H2S and DMS elimination capacities as high as 47.9 and 36.6 g S m-3 h-1, 
respectively, were obtained for the whole two-stage biotrickling filter.  
Because degradation rates, affinity constants and metabolic routes of different bacteria for 
degrading RSC can vary considerably, the choice of inoculum is potentially a major factor 
determining the removal efficiencies in bioreactors. The degradation capacities of bioreactors 
removing RSC, inoculated with different bacteria, are compared in a review by Smet et al. (1998). 
Cho et al. (1992b) found that inoculation with both Hyphomicrobium sp. I55 and Xanthomonas sp. 
DY44 was most efficient for removing RSC in peat biofilters compared with other mixtures of 
autotrophic and heterotrophic bacteria. Others observed that inoculation with autotrophs was more 
suitable for removing high H2S concentrations (> 100 ppmv), although heterotrophs were less 
susceptible to energy deficiency at low H2S concentrations (Huang et al. 1996). Little is known 
about the evolution of the inoculum and the associated bacteria after inoculation and during reactor 
operation. With the advent of molecular techniques, nowadays it is possible to increase the 
understanding of this issue. Fingerprinting techniques like DGGE have proven to be very useful in 
studying the population dynamics of complex microbial communities (Head et al. 1998, Ogram 
2000, Rombaut et al. 2001, Torsvik et al. 1998). The main advantage of these techniques is that a 
general picture of the total bacterial community composition and its evolution can be obtained, 
together with phylogenetic analysis of the most abundant species. However, quantitative analysis 
must be made carefully, because the PCR amplification step can cause some bias (Chandler et al. 
1997, Farrelly et al. 1995, Suzuki and Giovannoni 1996). We found no publications describing the 
microbial community dynamics in biotrickling filters after bioaugmentation with specific 
functional cultures, as is described here for the removal of RSC.  
This chapter describes the operation and microbial dynamics of a two-stage biotrickling filter for 
the removal of a gas mixture of H2S and DMS. The first stage was inoculated with A. thiooxidans 
and operated at low pH for H2S degradation and the second stage was inoculated with 
Hyphomicrobium VS, operated at pH 7.0 for DMS degradation. The stability and recovery of the 
reactors under different operational conditions was tested. The microbial community dynamics in 
the biofilm and the liquid phase were investigated using plate counts and DGGE. 
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6.2. MATERIALS AND METHODS 
 
Microorganisms and media. Acidithiobacillus thiooxidans ATCC-19377 (American Type 
Culture Collection) was grown in the following medium (g L-1): So (10), (NH ) SO  (3), K HPO4 2 4  2 4 
(0.5), MgSO .7H O (0.5), KCl (0.1) and Ca(NO )4 2 3 2 (0.01) at pH 1.8 and 30 °C. The strain was 
maintained on a thiosulfate agar slant (1.5 % w/v of agar). Hyphomicrobium VS (Pol et al. 1994) 
was grown as described in Chapter 5.   
 
Biotrickling filters construction. A scheme of the two biotrickling filters, connected in series is 
shown in Figure 6.1. The reactors are made of plexiglass and packed with polyethylene carrier 
rings, as described in Chapter 5.  
 
Stage 1  
A. thiooxidans 
pH 2-4 
 Stage 2 
Hyphomicrobium VS 
pH 7 
4 
5 
6
3 
2 
7 
1 
10 10 
A 
B
C 
8 
3 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Two-stage biotrickling filter set-up with gas sampling points (A, B and C): 1. dry 
air gas bottle (Air Liquide), 2. H2S gas bottle (99%, Praxair), 3. mass flow controller, 4. DMS 
reservoir, 5. capillary tube, 6. manometer, 7. capillary tubing, 8. thermostatic water bath, 9. 
rotameter (Gilmont), 10. peristaltic pump. 
 
The first biotrickling filter was inoculated with A. thiooxidans (ABF) and the second one with 
Hyphomicrobium VS (HBF 2). The liquid medium was recirculated over the biotrickling filters at 
150 mL min-1. The recycled liquid media were refreshed in a semi-continuous mode, by replacing 
10% of the medium every day (hydraulic residence time 10 days), in order to keep the nutrient 
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concentrations sufficiently high and to prevent sulfate accumulation (< 15 g L-1). In the medium 
for Hyphomicrobium VS, the 3 g L-1 NH Cl was replaced by 6.7 g L-1 KNO4 3 to prevent growth of 
autotrophic ammonium oxidizing bacteria. If the pH was smaller than 6.5, it was adjusted to 7 by 
adding 1 M NaOH. The air flow (dry air, Air Liquide) was provided in downflow mode (cocurrent 
with the liquid medium), initially at 0.5 L min-1, providing an EBRT of 120 s in each bioreactor. 
At a later stage during the experiment the air flow was increased to 1 and 2 L min-1 to obtain 
EBRTs of 60 and 30 s, respectively. DMS was dosed in the air stream by a capillary diffusion 
system, as described by Smet et al. (1993). The H2S concentration in the air stream was controlled 
by diluting pure gaseous H2S (99%, Praxair) in the air stream. Sampling ports were provided in the 
tubing before and after each biotrickling filter.  
 
Inoculation procedure and biotrickling filter experiments. During previous experiments 
(Núñez D. 2004. MSc. Thesis. Catholic University of Valparaiso, Chile) it was observed that 
obtaining satisfactory elimination capacities for DMS in a biotrickling filter was more difficult 
than for H2S. Therefore, the DMS degrading reactor was started first, to ensure a good removal 
capacity for DMS before the two-stage reactor was started (see results from Chapter 5). In the 
current study, the HBF 2 from Chapter 5 was used in the two-stage reactor configuration. After 13 
days of operation of the HBF 2, a new biotrickling filter was mounted upstream of the DMS 
degrading bioreactor. This reactor was filled with rings already inoculated with A. thiooxidans, 
used in a previous biotrickling filter experiment (Núñez et al., unpublished results). This 
inoculation was performed by continuously trickling the growth medium containing actively 
growing A. thiooxidans over the rings for 30 days.  
 
Analytical methods. Hydrogen sulfide concentrations were determined by gas chromatography 
analysis, using a Varian 3700 GC, equipped with a FID and a 30 m DB-5 capillary column (J&W 
Scientific, internal diameter 0.53 mm, film thickness 1.5 µm) with helium as carrier gas. DMS, 
sulfate, nitrate and pH measurements were performed as described in Chapter 5.  
 
Microbial community analysis. The diversity of the microbial community of both the liquid 
recycle medium and the biofilm on the carrier rings was analyzed by plate counts and by DGGE. 
The sampling procedure and subsequent DNA extraction, PCR and DGGE analysis were 
performed as explained in Chapter 5.  
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6.3. RESULTS  
 
6.3.1. Start-up and operation of the two-stage biotrickling filter  
 
The DMS influent and effluent concentration, inlet load and elimination capacity of the 
biotrickling filter inoculated with Hyphomicrobium VS (HBF 2) were already described in Chapter 
5 for the first 72 days of the experiment. During this period of reactor operation, the EBRT was 
maintained at 120 s. Removal efficiencies of 90% were obtained after 2 days, at DMS influent 
concentrations of about 120 ppmv. Dosing of H2S and operation of the two-stage biotrickling filter 
was started at day 22, after placing the biotrickling filter inoculated with A. thiooxidans (ABF) 
upstream of the HBF 2. First, the results for the DMS removal in the HBF 2 (Figure 6.2.A and 
Figure 6.4.B, C) and thereafter, the results for the H2S removal in the ABF (Figure 6.2.B and 
6.4.A) are presented, during the 120 days of the experiment. 
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Figure 6.2. A. H2S inlet concentration (●) and removal efficiency (□) in the ABF. B. DMS 
inlet (●) and outlet (∆) concentration, elimination capacity (○) and removal efficiency (□) for 
the HBF from day 0 to 75. The dotted vertical line indicates the start of the H2S dosing. 
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The start-up of the two stage biotrickling filter did not affect the removal of DMS in the HBF 2 
(Figure 6.2.A), because H2S was immediately removed below the detection limit in the ABF (see 
further). During the first 75 days of operation, the DMS influent concentration was gradually 
increased to about 600 - 820 ppmv between day 63 and day 75. The η of the HBF 2 remained 
between 88 and 99% from day 15 to 75, except for some temporary decreases. A sudden increase 
of the DMS inlet concentration from 631 to 821 ppmv on day 73 caused a decrease of η from 95 to 
34%. When the influent concentration returned back to 678 ppmv on day 76, η regained 93%. 
During the whole experiment the sulfate concentration was controlled and maintained under the 
critical concentration of 15 g L-1 (Ruokojarvi et al. 2001), as shown in Figure 6.3. In the same 
figure, nitrate concentrations and pH are also shown. The nitrate concentrations fluctuated around 
the fresh medium concentration of 4.1 g L-1, while the sulfate concentrations were much higher 
than the fresh medium concentration (0.2 g L-1), due to oxidation of DMS to sulfate. The pH 
remained between 6 and 7 most of the time, except for a temporary decrease on day 41 due to 
delay of the medium refreshment with more than one day. 
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Figure 6.3. Sulfate (7) and nitrate (●) concentration and pH (□) in the recirc
 Figure 6.4B and C, the DMS influent and effluent concentration, inlet load and elimination 
ulating medium 
of the HBF 2. Media concentrations of sulfate and nitrate were 0.2 and 4.1 g L-1, respectively.  
 
In
capacity and removal efficiency are shown for the HBF 2, from day 75 to the end of the 
experiment on day 119. Between day 58 and 75, the EC started to level off and the maximal EC at 
> 90% removal efficiency was obtained. Subsequently, different changes in operation were applied 
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to investigate the robustness of the HBF 2. These events are shown in Figure 6.4 by dividing the 
graph in 5 periods (I – V). 
  
 
D
M
S 
co
nc
en
tr
at
io
n 
(p
pm
v)
0
200
400
600
800
1000
1200
D
M
S 
re
m
ov
al
 e
ffi
ci
en
cy
 (%
)
0
20
40
60
80
100
Time (days)
75 80 85 90 95 100 110 115 120
D
M
S 
In
le
t l
oa
d 
an
d 
EC
 
   
   
   
(g
 m
-3
 h
-1
)
0
20
40
60
80
H
2S
 c
on
ce
nt
ra
tio
n 
(p
pm
v)
0
1000
2000
3000
4000
5000
H
2S
 in
le
t l
oa
d 
(g
 m
-3
 h
-1
)
0
30
60
90
120
150
180
H
2S
 re
m
ov
al
 e
ffi
ci
en
cy
 (%
)
0
20
40
60
80
100
I                  II             III          IV             V 
A 
B 
C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. A. H2S inlet concentration (●), inlet load (Δ) and removal efficiency (□) for the 
ABF. B. DMS inlet (●) and outlet (∆) concentration and removal efficiency (□) for the HBF 2. 
C. DMS inlet load (●) and elimination capacity (○) for the HBF 2. Data from day 75 to 117 
are presented. The different periods are separated by dotted vertical lines and are indicated 
by I, II, III, IV and V. The scaling on the X-axis is identical for parts A, B and C. 
 
In period I, recirculation of the liquid medium was stopped for 12 hours on day 77. Also, at the 
same time a DMS peak loading of 1058 ppmv was applied, compared with 678 ppmv on day 76. 
This resulted in an immediate decrease of the elimination capacity from 49 g m-3 h-1 (η = 93%) to 
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18 g m-3 h-1 (η = 22%), respectively. The operation of the HBF 2 was fully recovered on day 84, at 
an EC of 54.9 g m-3 h-1 (η = 95%).  
During period II the EBRT was decreased to 60 s for each biotrickling filter, resulting in a 
temporary decrease of the DMS removal efficiency. At 60 s EBRT, η was maximal from day 88 
(89%) and an EC of 57.9 g m-3 h-1 was reached. A further decrease of the EBRT to 30 s in period 
III caused a further decrease of η to 64% on day 93. The elimination capacity at 30 s EBRT 
remained about 51 g m-3 h-1 (64% < η < 74%). On day 99, the EBRT and the DMS influent 
concentration were changed to 120 s and about 180 ppmv, respectively, to obtain similar values as 
in the initial stage of the operation of the two-stage biotrickling filter (day 14 – 30). The removal 
efficiency immediately returned to 98%. On day 100 a H2S peak loading was applied for 12 h 
(about 1350 ppmv at the influent of the HBF 2). During this H2S peak, the DMS removal 
efficiency decreased to 2%. However, 2 days after the peak load the removal efficiency in the HBF 
2 was fully recovered to 97%. The H S entering the HBF 2 was removed with an EC of 48 g H2 2S 
m-3 h-1 (η = 75%). In the beginning of period V, a starvation period was applied from day 102 to 
112, during which medium was recirculated, but no air and DMS were passing through the 
biotrickling filter. After starting DMS dosing again on day 112, a slow recovery of the removal 
efficiency was observed. Only after 5 days, η returned to 80% at 142 ppmv influent concentration.  
 
Hydrogen sulfide was immediately removed below the detection limit (3 ppmv) at influent 
concentrations between 255 and 420 ppmv (see Figure 6.2A). Between day 22 and 60, large 
variations in the H2S influent concentrations were present (from 240 to 566 ppmv), however, no 
H S was detected in the effluent of the ABF. Even when the H2 2S influent concentration attained 
2000 ppmv on day 75, η remained above 99.8%. The maximum ECs in this reactor were 83 and 80 
g H2S m-3 h-1 (η > 99.8%) at 120 and 30 s EBRT, respectively. Besides H2S, also about 2% of the 
DMS influent was removed in the first reactor on average, which is negligible compared with the 
removal in the HBF 2. A H2S shock overload (4037 ppmv) at the end of the experiment (Figure 
6.4A) caused a sharp decrease of the H S removal efficiency to 67%. The pH in the H2 2S degrading 
biotrickling filter was not controlled, maintaining its value in the range of pH 2 - 3.  
 
6.3.2. Microbial community analyses 
 
After inoculation, the cell number on the rings in the HBF 2 was 1.4 ± 0.5 x 109 -1 CFU ring  
(Figure 6.5). However, there was an important decrease of viable cell numbers during the first two 
weeks and from day 17 the number of Hyphomicrobium VS remained between 2.5 ± 0.3 and 6.6 ± 
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8 -10.9 x 10  CFU ring . Significant amounts of Hyphomicrobium VS were also present in the liquid 
phase, ranging from 0.01 ± 0.05 to 7.1± 0.1 x 107 -1 CFU mL  (see Figure 6.5)  
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Figure 6.5. Hyphomicrobium VS plate counts for the biofilms on the rings (●) and for the 
recycle liquid (○). 
 
Compared with the biofilm microbial community, the planktonic microbial community is highly 
variable in time in the HBF 2 (Figure 6.6). For example, on day 44 the banding pattern of the 
planktonic microbial community was very different compared with that on day 18 and on day 97, 
again a major change was noticed. The Pearson correlation coefficients between consecutive 
samples (R ) (see Figure 6.8B) were low during the entire experiment (Ri,i+1 i,i+1 = 28 ± 25%). The 
diversity (HSh) of the planktonic bacterial community was more constant, with values between 
2.08 and 2.76 (Figure 6.8A), except for day 112, when HSh decreased to 1.33. The band 
corresponding with Hyphomicrobium VS was very faint, probably due to a low relative abundance 
of Hyphomicrobium VS in the liquid phase.  
The microbial community in the biofilm changed slowly after inoculation. The similarities among 
the biofilm samples were different from those among the planktonic samples (Figure 6.8B). 
Initially, Ri,i+1 values were low but then they increased to > 90% from day 60 for all consecutive 
samples, indicating a relatively stable microbial community (R  = 92 ± 1%). The Hi,i+1 Sh of the 
biofilm community was initially high (2.76 on day 1) and stabilised at a high value of 2.75 ± 0.14 
from day 60 (Figure 6.8A). From the putative 16 different ribotypes originally present in the 
biofilm (counted as number of bands clearly visible) 10 disappeared, while about 5 new ones were 
present on the rings on day 60 (indicated with * in Figure 6.6). In the banding patterns of the stable 
biofilm community, the band representing Hyphomicrobium VS can clearly be distinguished, next 
to a diversity of bacteria that were not present in the initial inoculum. The intensity of the band 
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belonging to the introduced Hyphomicrobium VS constituted only 7.5 ± 1% of the total band 
intensities for the samples from day 60 to day 112. 
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Figure 6.6. DGGE banding patterns for (A) liquid phase and (B) biofilm of the HBF 2. The 
dates of the samples are indicated above the gel picture (as days after startup); H = 
Hyphomicrobium VS, M = DGGE marker. The bands representing Hyphomicrobium VS are 
indicated with an arrow. Bands with * were not present on day 1 of biofiltration. 
 
The bacterial community of the ABF biofilm had a rather low diversity, compared with the HBF 2 
biofilm and was stable in time (Figure 6.7). The HSh in the ABF remained between 0.32 and 1.36, 
and the Ri,i+1 values were 97 and 91% on day 22 and 66, respectively. One dominant bacterium 
was mainly forming the biofilm, which was confirmed to be A. thiooxidans after sequencing of the 
excised band. 
 
127 
Chapter 6 
 
Figure 6.7. DGGE banding patterns of the biofilm of the ABF. The dates of the samples are 
indicated above the gel picture (as days after startup). M = DGGE marker. 
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) and B. Pearson correlation (RFigure 6.8. A. Shannon diversity index (HSh i,i+1) for biofilm 
(●) and planktonic (V) microbial communities of the HBF 2. 
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6.4. DISCUSSION 
 
6.4.1. Reactor performance 
 
The two-stage biotrickling filter in this study was very efficient in removing high loadings of H2S 
and DMS. For H2S, elimination capacities of 83 g m-3 h-1 were obtained at > 99.8% removal 
efficiency and higher loading rates were not further tested. DMS elimination capacities were less 
than for H2S, but still comparable to or higher than obtained in other studies. Pol et al. (1994) 
obtained 23 g m-3 h-1 for a biotrickling filter filled with polyurethane and inoculated with 
Hyphomicrobium VS, although higher DMS inlet concentrations (> 99 ppmv) were not 
investigated. Ruokojarvi et al. (2001), however, obtained DMS elimination capacities up to 71 g 
m-3 h-1 (η > 99%) in a two-stage biotrickling filter inoculated with enriched sludge, although an 
acclimatization period of 13 days was required before a removal efficiency > 98% was obtained at 
DMS influent concentrations of 450 ± 214 ppmv. The difference regarding the acclimatization 
period is most likely caused by the inoculation protocol used in this study. Here, the 
microorganisms were pregrown on the carrier rings, ensuring sufficient biomass for immediate 
high DMS removal efficiencies after start-up. This was also confirmed by plate counts, indicating 
high initial Hyphomicrobium VS concentrations on the rings. The performance of the HBF 2 
during the first 72 days was already discussed in Chapter 5. 
When the EBRT decreased, first from 120 s to 60 s and then further to 30 s, the DMS removal 
efficiency decreased, especially at 30 s EBRT. This indicates that mass transfer limitation probably 
occurred at 30 s EBRT and less. Hence, higher values have to be maintained for optimum DMS 
removal. The optimum EBRT is, however, dependent on several reactor characteristics such as the 
liquid phase recirculation rate, the structure and specific surface area of the packing material and 
the distribution of the liquid entering the upper side of the biotrickling filter. Therefore, it is 
expected that if these parameters are optimized, lower EBRTs can be possible before mass transfer 
limitation occurs.   
Previous experiments (Núñez et al., unpublished results) showed a maximum EC of the A. 
thiooxidans bioreactor of 320 g H2S m-3 h-1 (η = 99%). In this study 83 g H2S m-3 h-1 (η = 99.8%) 
was obtained, being lower than the maximum EC reported previously. No higher influent H2S 
concentrations were tested, however. The application of peak loadings and decreasing EBRTs did 
not decrease the H2S removal efficiency. Therefore, it is advisable for practical purposes to 
decrease the size of the H2S degrading biotrickling filter until its capacity is fully used. It has been 
reported previously that EBRT values as low as 1.6 s can be used for removing up to 30 ppmv H S 2
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(95 g m-3 h-1) in a biotrickling filter at > 95% removal efficiency (Gabriel and Deshusses 2003a). 
Considered the maximum EC of 320 g H2S m-3 h-1 and an EBRT of 1.6 s, theoretically, 100 ppmv 
H -1 S can be removed at an air flow rate of 1 L min2 in a 27 mL reactor volume, making the two-
stage reactor much more attractive. In practice a safety margin has to be included, but the reactor 
could probably be scaled down by a factor between 5 and 10. Before the application of the 10 days 
starvation period, elemental sulfur had visibly accumulated in the reactor, which was degraded by 
the biofilm during the starvation period.  
 
6.4.2. Microbial community dynamics 
 
In the DGGE profile from the microbial community in the biofilm it was clearly visible that 
besides Hyphomicrobium VS, a diverse community already developed on the rings during the 
inoculation procedure, which was already discussed in Chapter 5. After start-up of the DMS 
degrading biotrickling filter, the microbial community gradually changed to the stable community 
obtained between day 44 and 60. The Pearson correlation coefficient between the DGGE profiles 
on days 1 and 60 was only 34%. The initial dynamic microbial community in this experiment 
guaranteed sufficient removal of DMS immediately after start-up, indicating that the stability of 
the community was not a prerequisite to obtain high DMS removal efficiencies. From day 75, 
changing operational conditions were applied to investigate how this would affect the community 
composition and the DMS removal efficiency. During periods of decreased DMS removal 
efficiencies and subsequent recovery, the composition of the microbial community remained very 
stable. Also after the starvation period, it did not change significantly. Fernandez et al. (1999) 
previously found that the microbial community of a mixed methanogenic reactor fed with glucose 
was most dynamic, although the ecosystem function remained stable, for a period of 605 days. In 
this study, the opposite was observed, namely the occurrence of a very stable microbial 
community during fluctuating DMS removal efficiencies. Most probably this difference can be 
attributed to the existence of a biofilm community in this study versus the suspended communities 
in the methanogenic reactor. Moreover, the very stable microbial community observed in our work 
can be at the basis of the rapid recovery from operational disturbances. However, further work 
remains to be done to confirm if an unstable community (as observed during the first 44 days) is 
genetically more sensitive to imposed operational changes.  
By comparing the relative band intensities of the Hyphomicrobium VS bands with the total band 
intensities, Hyphomicrobium VS constituted less than 10% of the total microbial community, 
except for day 18. This corresponds with results obtained by Moller et al. (1996), who found that 
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P. putida, consisting only 4% of the total community, removed about 65% of the toluene in a 
biotrickling filter. Although PCR based techniques like DGGE can cause bias when estimating 
relative population abundance, this is expected to be less the case in highly diverse samples 
(Suzuki and Giovannoni 1996). The other bacteria co-existing with Hyphomicrobium VS in the 
stable biofilm were not originally present in the inoculum. Therefore, they must originate from 
colonization occurring during the inoculation protocol or during reactor operation, as was 
mentioned in Chapter 5. Regardless of the metabolic function of the different bacteria present 
(active in the DMS degradation or not), it is clear that a numerically dominant Hyphomicrobium 
VS biofilm is not sustained in the biotrickling filter.  
The DGGE profiles of the planktonic microbial communities show that Hyphomicrobium VS is no 
longer visible from day 18 onwards. This means that Hyphomicrobium VS is only a very small 
part of the total microbial community (microorganisms present at less than 1% of the total 
community are not visible with DGGE, Muyzer et al. (1993)). The bacterium has not disappeared 
from the recirculating liquid because plate counts show counts up to 7 log CFU mL-1. The 
planktonic microbial community bears very little resemblance to the biofilm community (Pearson 
correlation coefficients between 0 and 54%) and is more variable in time, although its diversity is 
comparable to that of the biofilm community. Given the differences between the biofilm and the 
planktonic communities, it is not advisable to follow up the microbial diversity or the presence of 
inoculated strains in biotrickling filters by analyzing the recirculating liquid. In full-scale 
applications, however, it will not be evident to take representative samples from the biofilm 
without disturbing reactor operation. 
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6.5. CONCLUSIONS 
 
The two stage biofiltration system is an efficient biotechnique for the treatment of waste gases 
containing a mixture of reduced sulfur compounds, because it optimizes the potential of DMS 
degradation. Maximum elimination capacities obtained for DMS in this study are 57 g m-3 h-1 
(120s EBRT, η = 92%) and 58 g m-3 h-1 (60s EBRT, η = 89%). These are comparable or better than 
values previously reported for DMS degradation in bioreactors. However, the DMS removal 
efficiency is sensitive to changes in operational conditions such as low pH, biofilm dryness, 
hydrogen sulfide overload and starvation periods. Recovery from these sub-optimal operational 
conditions can take up to 5 days. Therefore, reactor operation should be carefully monitored in 
practice to prevent odour nuisance to the surroundings. The removal of hydrogen sulfide was not 
affected by changes to sub-optimal operational conditions, except for a peak loading from 1220 to 
4037 ppmv. 
The microbial community of the biofilm in the ABF has a low diversity and is stable during the 
operation of the biotrickling filter. This was related to the low pH, causing selective pressure on 
the biofilm community. In contrast, the biofilm of the HBF 2 is more diverse and dynamic, since 
ambient conditions are less restrictive to bacterial colonization. After 60 days, a very stable 
biofilm community developed that was not influenced by variable operational conditions. The 
inoculated Hyphomicrobium VS, however, constituted only a minor part of the total bacterial 
community.  
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SUMMARY 
 
The performance and microbial communities of 3 differently inoculated biotrickling filters 
removing dimethyl sulfide (DMS) were compared. The biotrickling filters were inoculated with 
Thiobacillus thioparus TK-m (THIO), sludge (HANDS) and sludge + T. thioparus TK-m + 
Hyphomicrobium VS (HANDS++), respectively. The performance of the reactors with regard to 
removal efficiency and resistance towards varying operational conditions decreased in the order 
HANDS++ > HANDS >> THIO. DGGE analysis showed the establishment of T. thioparus in the 
biofilm of all reactors, but not of Hyphomicrobium VS. Quantitative monitoring of the introduced 
bacterial strains was performed with a newly developed real-time PCR protocol. Initially, the 
inoculated strains were exclusively found in the reactors in which they were added. Afterwards, 
however, both strains developed in the biofilm of all 3 reactors, although T. thioparus attained 
higher cell densities than Hyphomicrobium. The presence of Thiobacillus thioparus in THIO was 
positively related with the DMS loading rates that were applied. Real-time PCR and DGGE both 
gave consistent results regarding the presence of Hyphomicrobium VS and Thiobacillus thioparus 
TK-m in the reactors. Only real-time PCR could be used to detect bacteria comprising of less than 
1.4% of the total bacterial community (~105 copies ring-1).    
 
 
 
 
 
 
                                                 
1 Sercu B, Boon N, Vander Beken S, Verstraete W, Van Langenhove H. Performance and 
microbial analysis of defined and non-defined inocula for the removal of dimethyl sulfide in a 
biotrickling filter. Submitted  
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7.1. INTRODUCTION 
 
Mixtures of reduced sulfur compounds are emitted to the atmosphere by a number of industries, 
like waste water treatment, Kraft pulping, animal rendering and composting (Ruokojarvi et al. 
2001; Smet et al. 1996a). Due to their obnoxious smell and low odour threshold, especially organic 
sulfur compounds such as dimethyl sulfide (DMS) often cause odour nuisance in the surroundings. 
Depending on the waste gas characteristics, biofilters or biotrickling filters can be used to 
eliminate the odour. Optimizing the inoculation strategy can be important to maximize the DMS 
elimination with both technologies. In the case of biofiltration, inoculation with e.g. 
Hyphomicrobium has shown to increase the DMS elimination capacity (Smet et al. 1996a). 
Contrary to biofilters, biotrickling filters need inoculation, because only a limited number of 
microorganisms are initially present on the inert packing material. The inoculation protocol for 
Hyphomicrobium VS can influence the maximum elimination capacity and the stability of a 
biotrickling filter removing DMS, as was shown in Chapter 5. Also the choice of inoculum can 
potentially influence the removal of pollutants and the reactor stability (Thompson et al. 2005). 
For instance, the origin of activated sludge can influence its performance and suitability as 
inoculum in biofilters (Steele et al. 2005). Very often, biotrickling filters are inoculated with 
(enriched) mixed microbial consortia (e.g. Chang and Lu (2003); Chou and Lu (1998); Lu et al. 
(2004); Moller et al. (1996); Ruokojarvi et al. (2001); Tresse et al. (2002)), while only few studies 
have applied inoculation with axenic cultures (e.g. Cox and Deshusses (1999); Kirchner et al. 
(1991)).  
To monitor the fate of introduced or pollutant-degrading bacterial strains, a technique is needed 
that is quantitative, reproducible, specific and preferably quick to perform. Especially real-time 
PCR and hybridization techniques (e.g. dot blotting, fluorescent in situ hybridization) appear very 
suitable for this purpose (Watanabe et al. 1998). Both techniques have been used for 
environmental applications, e.g. for quantification of nitrifying or filamentous bacteria in 
wastewater treatment (Harms et al. 2003; Jang et al. 2005; Kaetzke et al. 2005; Layton et al. 2000), 
or methanotrophs in soil (Chen et al. 2003; Kolb et al. 2003). For the quantification of faecal 
bacteria, real-time PCR was easier and faster to perform, and had a superior sensitivity compared 
with dot-blot hybridization (Malinen et al. 2003) or FISH (Gueimonde et al. 2004).  
In this study, real-time PCR was used to quantify inoculated species in the biofilm samples of lab-
scale biotrickling filters. To the best of our knowledge, this is the first time that real-time PCR is 
applied to quantify bacteria during biological waste gas treatment. The goals of this study were (i) 
to evaluate the suitability of defined and non-defined inocula for removing DMS in biotrickling 
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filters, and (ii) to relate the abundance of the inocula with the DMS removal during operation of 
the reactors, using both real-time PCR and DGGE.  
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7.2. MATERIALS AND METHODS 
 
Experimental set-up. Three biotrickling filters (THIO, HANDS, HANDS++) were run in parallel. 
They were made of Plexiglas (internal diameter: 0.055 m) and each packed with 1 L of 
polyethylene KMB carrier rings (diameter: 10mm, height: 7mm, specific surface area: 333 m2 m-3) 
(Kaldnes Miljøteknologi AS, Tønsberg, Norway). The experimental set-up was similar as 
described in Chapter 5, except that no PDMS coating was applied on the rings. One liter of 
inoculum was added in a vessel below the reactor and circulated at a rate of 80 mL min-1. In THIO, 
a suspension of Thiobacillus thioparus TK-m (Kanagawa and Mikami 1989) was used (0.07 g 
volatile suspended solids [VSS] L-1), while in the other biotrickling filters sludge was used, 
originating from a membrane bioreactor treating landfill leachate (highly active nitrifying and 
denitrifying sludge). The HANDS biotrickling filter was inoculated with pure sludge (7.02 g VSS 
L-1), the HANDS++ reactor with sludge (900 mL), supplemented with 50 mL T. thioparus TK-m 
(0.22 g VSS L-1) and 50 mL Hyphomicrobium VS (0.49 g VSS L-1) (Pol et al. 1994). If the pH of 
the liquid medium was below 6.5, it was adjusted to 7 by adding 1 M NaOH. The air flow was 
provided with a diaphragm pump (KNF Neuberger, Freiburg, Germany) and was divided to the 3 
reactors by using valves. The air flow rate (downflow) was 1 L min-1 providing an EBRT of 60 s 
in each bioreactor. The air flow rate was controlled using rotameters, placed at the exit of each 
reactor. DMS was dosed in the air stream by a capillary diffusion system, as described previously 
(Smet et al. 1993). Gas sampling ports were provided in the tubing after the mixing chamber and 
after each biotrickling filter. T. thioparus TK-m was grown in medium, containing 5 g L-1 
Na2S2O3.5H2O, 4 g L-1 K2HPO4, 0.5 g L-1 MgSO4.7H2O, 0.4 g L-1 (NH4)2SO4, 0.25 g L-1 CaCl2, 
0.02 g L-1 FeSO4.7H2O and 2 mL bromocresol purple solution at pH 7 (28 °C). Hyphomicrobium 
VS was grown in medium containing 3 g L-1 K2HPO4, 3 g L-1 KH2PO4, 3 g L-1 NH4Cl, 0.5 g L-1 
MgSO4.7H2O, 0.01 g L-1 FeSO4.7H2O and 1% methanol at pH 7 (28 °C). 
 
DMS analysis. DMS gas concentrations were analysed as described in Chapter 4. In the 
experiments with 0.5 ppmv DMS influent concentration, GC-MS analysis was used for 
quantification of DMS in both the influent and effluent gas of the biotrickling filters. Using a 
modified GC injector system, 10 mL gas sample was injected quantitatively on a Tenax tube. 
DMS was desorbed from the Tenax in a thermal desorption unit (Markes International), with a 20 
mL min-1 helium flow during 1 min at 50 °C and 7 min at 250 °C. The desorbed DMS was 
concentrated in a cold trap (-10 °C) and was injected in the GC (TRACE 2000 GC, Thermo, 
Belgium) by desorption for 3 min at 270 °C. The following temperature program was used: from 
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35 °C to 40 °C at 1 °C min-1 and from 40 °C to 220 °C at 20 °C min-1. The GC column used was a 
VF-1ms (30 m x 0.25 mm x 1 µm, Varian). With a split flow of 5 ml min-1, the sample was sent to 
a quadrupole mass spectrometer (TRACE WE-250 DSQ, Thermo, Belgium), using electron impact 
ionization. The source temperature was 220 °C and the scan speed 1578 mass units s-1. The 
detection limit for DMS in a 10 ml gas sample was 4 ppbv. Response factors for GC and GC-MS 
measurements were determined by analyzing external standards prepared as headspace 
concentrations. 
 
Nucleic acids extraction. From the inoculum suspensions, 0.5 mL was directly used for DNA 
extraction. For sampling of the biofilm in the biotrickling filters, all rings were removed, mixed 
and 5 rings were randomly picked. The rings were sonicated for 10 min in 5 mL of sterile 
deionized water with a Branson 2200 sonicator, operating at 47 kHz. The extract was concentrated 
to 0.5 mL by centrifugation for 5 min at 3000 x g and removing excess supernatant. DNA 
extraction was performed as previously described by Boon et al. (2003). From the 100 µL crude 
extract, 50 µL was further purified with the Wizard DNA Clean-Up System (Promega, Madison, 
Wisconsin, USA), according to the manufacturer’s instructions. DNA extractions of the pure 
cultures, used for sequence determination and testing the specificity of the selected primers, were 
performed by a boiling procedure. One ml of culture suspension was boiled for 15 min in 1.5 mL 
tubes. The samples were cooled on ice for 5 min and subsequently centrifuged for 5 min at 14000 
x g. The supernatans was removed and stored at -20 °C prior to amplification.    
 
PCR and DGGE. PCR amplification of total bacterial DNA and subsequent DGGE analysis were 
performed as described by Boon et al. (2002). The amplification of total bacterial DNA was 
performed with the primers P338F (with GC-clamp) and P518r (Ovreas et al. 1997). The stability 
of the microbial communities in time was expressed by comparing the Pearson correlation 
coefficients (Ri,i+1) between two banding patterns from consecutive sampling dates (i and i+1). 
Sequencing of bands was performed as described in Chapter 3. 
 
Primer design. To develop a primer set for Hyphomicrobium VS, the 16S rDNA sequence of the 
strain was first determined. The Hyphomicrobium VS DNA extract was amplified using the PCR 
Core System I (Promega) and primers P63F and R1378r, according to the protocol of Boon et al. 
(2002). Amplification of the correct fragment was verified on a 1% agarose gel and to ensure the 
purity of the DNA, the PCR product was cloned by using a TOPO TA Cloning kit with vector 
pCR2.1-TOPO (Invitrogen, Carlsbad, CA). Sequencing of the clones was performed by IIT 
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Biotech (Bielefeld, Germany). The sequences of the two obtained 16S rDNA fragments (positions 
8-464 and 722-1260) showed 100% similarity with the 16S rDNA sequence Hyphomicrobium 
methylovorum MBIC 3196, using the Sequence Match tool in the Ribosomal Database Project - II 
(RDP-II) database (Cole et al. 2005) and the Megablast tool in the National Center for 
Biotechnology Information (NCBI) database (http://www.ncbi.nih.gov/). All other bacterial strains 
in the NCBI database showed at least 3 mismatches with the combination of the two sequenced 
16S rDNA fragments. Six Hyphomicrobium facile strains showed 3 – 5 mismatches, while H. 
methylovorum DSM 5458 showed 9 mismatches.  
The primer pairs for detection of Hyphomicrobium VS and T. thioparus TK-m, respectively, were 
selected based on the nucleotide sequences of H. methylovorum MBIC 3196 and T. thioparus in 
the RDP-II database, using the Primrose software (Ashelford et al. 2002). The primers were 
synthesized by Biolegio BV (Nijmegen, The Netherlands). For Hyphomicrobium VS, the primers 
were HM-F (5’-TACTAGGTGGCTGCGCATTGT-3’) and HM-R (5’-
GGGAATTCCAGCAATGGACAG-3’), for T. thioparus TK-m, these were TT-F (5’-
CCAGCAGCCGCGAATACGTA-3’) and TT-R (5’-TCGCCATTGGTGTTCCCTCC-3’). The 
number of mismatches with strains from the RDP-II database was investigated for all primers 
using the Probe Match software and the real-time PCR amplification of several of these strains 
was tested to determine primer specificity (see results section). The strains were grown in the 
media that were recommended by the respective culture collections. The DNA extract was 
amplified with real-time PCR using the bacterial primers P338F and P518r, and the newly 
developed specific primers with the standard real-time PCR protocol (see below). The specificity 
of the developed primer pairs was also checked by sequencing PCR amplification products. PCR 
amplification was performed based on the protocol of Boon et al. (2002), with an annealing 
temperature of 60 °C. The PCR products were purified and sequenced as described in Chapter 3. 
 
Real-time PCR. Real-time PCR analyses were performed in 25 µL reaction mixtures using the 
SYBR® GREEN PCR Master Mix with 1 µL of DNA template, as described by the suppliers 
(Applied Biosciences, Warrington, UK). The reactions were performed in MicroAmp Optical 96-
well reaction plates with optical caps (Applied Biosystems) in an ABI PRISM 7000 Sequence 
Detection System (Applied Biosciences, Foster City, USA) with the ABI PRISM 7000 SDS 
software. For the total bacterial population, the primers P338F and P518r were used, at a 
concentration of 300 nM. The newly developed primers were tested at concentrations of 100, 300 
and 900 nM (Hyphomicrobium VS) and 100, 200 and 300 nM (T. thioparus TK-m). Final primer 
concentrations of 300 nM (Hyphomicrobium VS) and 200 nM were selected (T. thioparus TK-m), 
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allowing maximal amplification efficiencies and minimal non-specific annealing. The standard 
annealing temperature of 60 °C was increased to 62 °C, to minimize non-target amplification with 
the primers for T. thioparus TK-m.  The final PCR program for all essays was as follows: 2 min at 
50 °C and 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C and 1 min at 62 °C. All 
analyses were performed in triplicate. A negative control was always included and for the specific 
primers, melting curves were analyzed to verify amplification of the correct DNA template. 
Because the baseline fluorescence was too high in some samples to be able to accurately detect T. 
thioparus TK-m and Hyphomicrobium VS with real-time PCR, the DNA extracts were diluted 
before quantification. From 5 dilutions tested (1:1, 1:5, 1:10, 1:20, 1:50), the dilution 1:10 was 
chosen for all real-time PCR analyses.  
To prepare real-time PCR standards for both strains, the 16S rDNA of the pure cultures was 
amplified, using the primers P63f and R1378r, according to the protocol of Boon et al. (2002). The 
recombinant E. coli strain, carrying the recombinant pCR2.1-TOPO plasmid (Invitrogen, Carlsbad, 
CA) with either the Hyphomicrobium VS, either the T. thioparus TK-m 16S rDNA sequences, was  
grown in Luriana-Bertani broth plus ampicillin (50 mg L-1) at 37 °C for 24h. Plasmid DNA was 
extracted with the High Pure Plasmid DNA Isolation Kit (Roche Diagnostics GmBH, Mannheim, 
Germany) according to manufacturer’s instructions. The plasmid DNA concentration was 
determined spectrophotometrically. A tenfold dilution standard was prepared from the plasmid 
DNA extract. The concentration of plasmid DNA was converted into the concentration of target 
copies by the following equation: 
( ) ( )
pldsDNA
pl
co LMAMU
µLngC
µLcopiesC ⋅⋅=
−
−
1
1  
with: 
AMU:   atomic unit of mass (12C) (1.66054 x 10-15 ng)  
Cco:  concentration of target copies (copies µL-1) 
Cpl:  concentration of plasmid DNA (ng µL-1)  
MdsDNA: mass of double-stranded DNA (6.5 x 105 Da kb-1) 
Lpl:  plasmid length, containing insert (5.2 kb) 
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7.3. RESULTS  
 
7.3.1. Biotrickling filtration of dimethyl sulfide 
 
The biotrickling filters were operated for a period of 119 days. During this experimental period, 
different parameters were changed in order to compare the DMS removal efficiencies in the 3 
biotrickling filters with the different inocula. Different experimental periods were distinguished, 
according to the parameters that were investigated (Table 7.1).  
 
Table 7.1. Experimental periods during DMS biotrickling filtration. 
Period Days Description 
I 1-28 Start-up period 
II 29-51 Increasing DMS loading rate (determination of ECmax) 
III 52-71 DMS peak concentrations 
IV 72-75 Intermittent DMS loading 
V 88-95 Decreasing pH 
VI 98-119 0.5 ppmv DMS influent concentration  
 
During period I, the DMS influent concentration to all reactors was 19.0 ± 3.7 ppmv (3.0 ± 0.6 g 
m-3 h-1). As shown in Figure 7.1, HANDS and HANDS++ reached a DMS removal exceeding 
99.5% 10 days after start-up. For THIO, however, it was necessary to add a T. thioparus TK-m 
culture suspension twice on top of the column before the same DMS removal efficiency was 
obtained after 22 days. During period II, a removal efficiency exceeding 99.5% was observed up 
to a BV of 10 g m-3 h-1 in all 3 reactors. The ECmax values were 25-35 g m-3 h-1 for THIO, 25-28 g 
m-3 h-1 for HANDS and 30-34 g m-3 h-1 for HANDS++. During period III a peak concentration of 
555 ppmv DMS was applied for 1 hour, after which dosing of 20 ppmv DMS was resumed. The 
time needed before the removal efficiency exceeded 95% again (at 20 ppmv), was 110 min for 
THIO, 75 min for HANDS and 60 min for HANDS++. In period IV, the operation under 
intermittent DMS loading was investigated. The following influent regime was applied four times: 
8 - 10 hours with 20 ppmv DMS in the influent (EBRT = 60s), followed by 14 - 16 hours without 
DMS loading or gas flow in the influent (idle period). Two hours after the first idle period, the 
DMS removal efficiencies after stabilization were > 90% in all biotrickling filters. The next three 
idle periods caused no significant decrease of the stabilized DMS removal efficiency for 
HANDS++ (always > 99.5%) and only a small decrease for HANDS (always > 98%). After four 
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idle periods, HANDS++ removed > 99% of the DMS one hour after redosing DMS, while for 
HANDS this was only 90%. For THIO, however, the time for > 90% removal of DMS increased 
gradually (Figure 7.2). After the 4th idle period, a DMS removal efficiency of only 69% was 
attained after 8 hours.  
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Figure 7.1. DMS removal efficiency during the start-up period for THIO (◊), HANDS (▲) 
and HANDS++ (○). Arrows show the addition of Thiobacillus thioparus TK-m culture to 
THIO (30 mL, 0.22 g VSS L-1). 
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Figure 7.2. DMS removal efficiency in THIO after first (♦), second (◊), third (×) and fourth 
(▲) idle period.   
 
In Figure 7.3, the effect of pH on the DMS removal efficiencies in the different reactors is shown, 
at 20 ppmv DMS influent concentration (period V). The removal efficiency in THIO decreased to 
about 45% at pH 5, while in HANDS and HANDS++ a value of about 90% was maintained.  
Finally (period VI), 0.5 ppmv DMS was sent to the reactors for 10 days, during which removal 
efficiencies higher than 99.2 % were consistently observed for all reactors. 
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Figure 7.3. DMS removal efficiency at different pH values for THIO (●), HANDS (U) and 
HANDS++ (□).  
 
7.3.2. DGGE analyses 
 
DGGE analyses were performed on the biofilm samples of all 3 biotrickling filters. In THIO 
(Figure 7.4A), 2 ribotypes became dominant from day 25 on. Overall, a rather stable biofilm 
microbial community was present on the rings after start-up (Ri,i+1 = 91 ± 5% from day 37 
onwards). By comparing the band position of T. thioparus TK-m in the DGGE pattern with the 
THIO biofilm gel pattern, one of these dominant ribotypes was identified as the inoculum T. 
thioparus TK-m (indicated with arrow in Figure 7.4C). The ribotype corresponding with 
Hyphomicrobium VS was not observed in the gel pattern of THIO, except on day 98, when a very 
faint band was observed (Figure 7.4A). Also in HANDS (result not shown) and HANDS++ 
(Figure 7.4B), the band corresponding with Hyphomicrobium VS was not observed in the DGGE 
pattern, except on day 1 in HANDS++ (although very faint). The band corresponding with T. 
thioparus TK-m became increasingly abundant during the operation of both HANDS and 
HANDS++. The DGGE patterns of the samples from HANDS and HANDS++ were highly 
similar, as illustrated in Figure 7.4C for day 53. The population stability in HANDS and 
HANDS++ was somewhat lower than in THIO, with Ri,i+1 values of 73 ± 9% and 76 ± 10%, 
respectively, from day 37.  
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                    THIO                                                 HANDS++                                            d53 
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t t t
h
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4. DGGE patterns of A. THIO; B. HANDS++; C. samples on day 53 of THIO (T), 
HANDS (H) and HANDS++ (H+). Sampling dates are indicated above the gel picture, R: 
reference lane, Hy: Hyphomicrobium VS, Th: Thiobacillus thioparus TK-m. The bands 
corresponding with Hyphomicrobium VS (h) and Thiobacillus thioparus TK-m (t) are 
indicated with arrows.  
 
7.3.3. Development of the real-time PCR protocol 
 
After successful PCR amplification of ~200 bp fragments of cloned Hyphomicrobium VS and T. 
thioparus TK-m 16S rDNA, the specificity of the primers was determined. Analyzing the number 
of mismatches between each primer and the sequences in the RDP database showed no 
mismatches between the Hyphomicrobium VS primers and the target (Hyphomicrobium VS/H. 
methylovorum MBIC 3196), and between 1 and 4 mismatches for these primers with 10 other 
Hyphomicrobium species. For the T. thioparus primer pair, no mismatches were found with the 
target (T. thioparus), and 2 mismatches with Corynebacterium glutamicum DSM 20300. All other 
sequences in the database had at least 9 mismatches with both primer pairs.  
Using the standard real-time PCR protocol, the amplification of a selection of non-target strains 
was determined. The Hyphomicrobium VS primer pair amplified the 2 tested hyphomicrobia (H. 
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methylovorum DSM 5458, 1 mismatch; H. denitrificans DSM 1869, 2 mismatches) with the same 
efficiency as the bacterial primers. Melting curve analysis could not differentiate the amplicons of 
the different Hyphomicrobium strains. The sequences of 5 clones obtained from the PCR product 
of the HANDS++ inoculum suspension were all the same. They shared the highest similarity with 
H. methylovorum MBIC 3196 (target), H. facile and 2 other Hyphomicrobium strains.  
The primer pair TT-F/TT-R amplified C. glutamicum with reduced efficiency (220 times less 
amplicons than with bacterial primers). In addition, melting curve analysis made it possible to 
discriminate between amplification of T. thioparus TK-m (Tm = 82.0 ± 0.7 °C) and C. glutamicum 
(Tm = 83.9 ± 0.7 °C). The sequences of 6 clones from the PCR products of THIO and HANDS++ 
(day 53) were determined. The 3 clones from THIO showed the highest sequence similarity with 
T. denitrificans ATCC 25259 (86.9 – 100%) and with T. thioparus (target) (86.3 – 96.8%). Only 
one of the clones from HANDS ++ showed the highest sequence similarity (93.9%) with both T. 
denitrificans ATCC 25259 and T. thioparus. The other 2 clones were not closely related with any 
strain from the database (< 75%).  
The amplification of the 3 tested Hyphomicrobium strains with the primers TT-F/TT-R, and of T. 
thioparus TK-m and C. glutamicum with the HM-F/HM-R primers was never higher than the 
background amplification. The standard curves showed linear quantification from 1.44 to 1.44 x 
108 copies µL-1 for Hyphomicrobium VS (R² = 99.5%, slope: -3.09) and from 1.73 x 104 to 1.73 x 
109 copies µL-1 for T. thioparus TK-m (R² = 99.2%, slope: -3.38) (results not shown).  
 
7.3.4. Real-time PCR quantification of the biomass in the biotrickling filters 
 
No Hyphomicrobium VS and T. thioparus TK-m were detected in the inoculum suspension in 
HANDS. In contrast, in HANDS++ significant amounts of both added strains were found (3.22 x 
106 Hyphomicrobium VS copies mL-1 and 2.99 x 106 T. thioparus TK-m copies mL-1). In the 
inoculum suspension of THIO, only T. thioparus TK-m was detected (8.17 x 104 copies mL-1). 
The total number of bacteria (Figure 7.5A) increased in all reactors between day 11 and day 53. 
The increase was the highest in THIO (~ 3 log units), while in HANDS and HANDS++ a 23- and 
80-fold increase was observed, respectively. On day 53, a similar amount of bacteria was present 
in all bioreactors (1.49 - 6.97 x 108 copies ring-1). This amount decreased afterwards in THIO, to a 
value of 1.26 x 108 copies ring-1 on day 119. The total amount of bacteria in HANDS and 
HANDS++ remained relatively stable from day 37 onwards, except for a temporary decrease in 
HANDS++ on day 74. 
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The amount of Hyphomicrobium VS (Figure 7.5B) in HANDS remained the lowest of all 3 
reactors during the entire experiment. On day 11, 1.28 x 102 copies ring-1 were present, and this 
number increased during the course of the experiment to 1.73 x 103 – 4.23 x 103 copies ring-1 from 
day 53 onwards. In HANDS++, the amount of Hyphomicrobium VS was always between 2.97 x 
103 - 1.2 x 105 copies ring-1. Except for day 74, the Hyphomicrobium VS copy number remained 
higher in HANDS++ than in HANDS (between a factor 3 and 670 higher). Also in THIO, 
Hyphomicrobium VS was already observed on day 11 (9.9 x 102 copies ring-1), and this amount 
increased up to 5.5 x 105 copies ring-1 on day 99. The Hyphomicrobium numbers in THIO attained 
the highest numbers of all three reactors. 
The number of T. thioparus TK-m (Figure 7.5C) in THIO increased after start-up from 5.47 x 105 
copies ring-1 on day 11 to 6.97 x 108 copies ring-1 on day 37. Afterwards, this number decreased 
gradually to 1.26 x 105 copies ring-1 on day 119. Between day 25 and 53, the number of T. 
thioparus was 3.7 – 5.3 higher in HANDS++ than in HANDS. Later during the experiment, the 
numbers in both reactors were almost equal on the same sampling dates and varied between 8.86 x 
105 and 3.06 x 107 copies ring-1.   
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Figure 7.5. Amount of gene copy numbers in THIO, HANDS and HANDS++ for total 
bacteria (A), Hyphomicrobium VS (B) and Thiobacillus thioparus (C). Samples below the 
detection limit are indicated with *. Error bars are indicated, and the duration of the 
different experimental periods is mentioned above the graphs. The bars are shown centered 
around the sampling date. 
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7.4. DISCUSSION 
 
In this study primers were developed to detect both Hyphomicrobium VS and Thiobacillus 
thioparus TK-m with real-time PCR. Comparison of the number of mismatches between the 
selected primer pairs and the target strains in the RDP-II database and amplification of closely 
related non-target strains indicated that the primers were not entirely strain-specific, but at least 
genus specific. The HM-F/HM-R primer pair also amplified the 2 other hyphomicrobia that were 
tested with 100% efficiency. Both Hyphomicrobium strains belonged to the Hyphomicrobium 
cluster II (Layton et al. 2000; Rainey et al. 1998). Therefore, the selected primer pair probably 
detected all (closely related) members of this cluster. The non-target Hyphomicrobium strains that 
were tested could not be distinguished from the target strain using melting curve analysis (always 
84.9 ± 0.6 °C). Sequencing of the PCR products from the inoculum suspension HANDS++ 
confirmed that only the target strain and 3 other strains from Hyphomicrobium cluster II were 
amplified. All these strains had the same amplicons, showing that the developed primer pair was at 
least species specific.  
The primer pair TT-F/TT-R was designed based on the sequence of T. thioparus from the RDP-II 
database. The primer pair also amplified the non-related strain C. glutamicum, although with 
reduced efficiency. Based on melting curve analysis the target and non-target strains could be 
distinguished, therefore, we could conclude that the TT-F/TT-R primer pair was suitable to 
quantify the strain T. thioparus TK-m in the reactors, provided the melting curve analysis shows 
no non-specific amplification. Sequencing of PCR amplicons showed amplification of either T. 
denitrificans or T. thioparus in THIO, but also of unknown sequences in HANDS++. After real-
time PCR, however, melting curve analysis always showed specific amplification of the target 
except for one sample. Because the 16S rRNA gene sequences of T. thioparus ATCC 8185 and T. 
denitrificans NCIMB 9548 have 98% similarity (Kelly and Wood 2000), it is possible that both 
species could not be distinguished based on melting curve analysis. Only the amplicons from 
HANDS++ on day 11 with the primers TT-F /TT-R did not show a clear peak at 82.0 ± 0.7 °C (T. 
thioparus), evidencing amplification of phylogenetically non-related strains. Therefore, the 
quantification of this sample was slightly overestimated.  
 
When all criteria (see Table 1) were considered, the HANDS++ reactor showed the best 
performance. The ECmax values decreased in the order HANDS++ > THIO > HANDS, although 
the ranges of these values overlapped. The observed values (25 – 35 g m-3 h-1) were higher than 
previously obtained in a biotrickling filter by Pol et al. (1994), but lower than the 58 g m-3 h-1 from 
 147 
Chapter 7 
Chapter 6 and the 71 g m-3 h-1 obtained by Ruokojarvi et al. (2001). THIO scored the worst with 
regard to start-up period and removal efficiency during intermittent DMS loading. This indicated 
that T. thioparus TK-m could not develop on the packing rings as quickly as the DMS degrading 
strains in HANDS and HANDS++, and that the strain could not survive when low amounts of 
substrate were supplied. The latter was also supported by both the real-time PCR and DGGE 
analyses. The THIO reactor was also more sensitive to low pH than HANDS and HANDS++. The 
quick (≤ 110 min) recovery in the 3 reactors after applying a peak DMS concentration indicated 
that the DMS peak was not toxic. The slightly slower recovery in THIO compared with 
HANDS/HANDS++ was probably due to a different partitioning behaviour of DMS in mineral 
medium (THIO) versus sludge (HANDS and HANDS++), rather than microbial toxicity. 
The HANDS++ reactor outperformed the HANDS slightly with respect to ECmax, recovery after 
peak DMS loading and DMS removal during intermittent DMS loading. The only difference 
between the reactors was the supplementation of the additional DMS degrading strains 
Hyphomicrobium VS and T. thioparus TK-m to HANDS++. On the sampling dates 37 and 52, a 
higher amount of Hyphomicrobium VS (28 – 60 times) and T. thioparus (4 – 5 times) was present 
in HANDS++. This showed that the higher ECmax values were probably caused by the increased 
abundance of at least one of these bacteria. Immediately after applying the intermittent loading 
during 5 days, no higher concentrations of the added bacteria were observed any more in 
HANDS++. Therefore, the better performance of HANDS++ during the latter experiments could 
be related with varying activities of the DMS degrading bacteria or with the inherent variability 
between the reactors (e.g. with respect to wetting efficiency, channelling and biomass 
distribution).  
 
In all biotrickling filters, the total number of bacteria increased after start-up, until day 53. 
Afterwards, the amount of bacteria remained relatively stable in HANDS and HANDS++. In 
THIO, however, the total number of bacteria decreased at the end of the experiment. The two 
strains added as inoculum (Hyphomicrobium VS and T. thioparus TK-m) were only detected with 
real-time PCR in the inoculum suspensions in which they were added, showing that only very low 
levels (number) of these bacteria were initially present in the original sludge.  
Although no Hyphomicrobium VS was added to the reactor, Hyphomicrobium spp. developed on 
the rings in THIO in even higher amounts than in HANDS++. Some development of 
Hyphomicrobium spp. could also be observed in HANDS, albeit more slowly than in THIO and 
always in lower numbers than in HANDS++ and THIO. The relative amount of Hyphomicrobium 
spp. versus total DNA (Table 7.2) decreased from 8% to 0.7% after 10 days in HANDS++, and 
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even below 0.1% later during the experiment. In HANDS, the percentage of Hyphomicrobium spp. 
was always lower than 0.01%, while in THIO it increased up to 12% at the end of the experiment. 
These results suggest that Hyphomicrobium species cannot effectively compete in the sludge 
environment, but they can in the less complex biofilm which is present in THIO. This could be 
related with the fact that hyphomicrobia prefer oligotrophic habitats (Moore 1981). Nitrate 
concentrations in the circulating liquid of HANDS++ were usually between 10 and 50 times higher 
than in THIO, ranging between 18 and 125 mg NO3- L-1 (results not shown).  
In general, T. thioparus outnumbered the hyphomicrobia in all reactors. In THIO, HANDS and 
HANDS++, the maximum number of T. thioparus was 120, 6150 and 250 times higher than the 
number of Hyphomicrobium spp. In THIO, a sharp increase of the number of T. thioparus on the 
rings was observed between days 25 and 37. Afterwards, especially during the periods of 
intermittent DMS loading (period V) and low DMS loading rates (period VI), this number 
decreased again to values lower than after reactor start-up. This confirmed the dependence of T. 
thioparus on DMS as energy source, which was only provided by the waste gas. In HANDS, T. 
thioparus was not detected on day 11, but afterwards, the species developed in the reactor and 
about equal concentrations of the bacterium were observed in both HANDS and HANDS++ at the 
end of the experiment. Therefore, the benefit of adding T. thioparus to the sludge was limited to 
the first 52 days of the experiment. The natural presence of T. thioparus strains in wastewater or 
activated sludge was demonstrated before (Chung et al. 1996b; Kanagawa and Mikami 1989). 
Kanagawa and Mikami (1995) found increasing numbers of T. thioparus TK-1 in activated sludge 
after inoculation, with supplementation of O,O -dimethyl phosphorodithioate as substrate, 
confirming the ability of T. thioparus to establish itself in a complex activated sludge matrix. 
Reducing the influent DMS loading rate did not negatively influence the survival of T. thioparus 
in HANDS and HANDS++ as much as in THIO, although also a small decrease in cell numbers 
was observed on day 119. Probably, alternative energy sources were present in the sludge biofilm 
to support the growth of the bacterium. The relative abundance of T. thioparus was always higher 
than 1.4% in all reactors (Table 7.2). In THIO, it decreased somewhat after inoculation, while in 
HANDS and HANDS++ rather varying numbers were observed (1.4 – 438%). It should be kept in 
mind that during sampling 5 rings were randomly picked from the mixed packing material, which 
could cause additional variation in the data. The high percentage of T. thioparus in HANDS++ on 
day 74 (438%) was caused by the low number of total bacteria in this sample. The latter 
measurement was probably not representative, based on the data of the other samples which are 
rather stable.  
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Table 7.2. Percentage Hyphomicrobium VS and Thiobacillus thioparus DNA compared with 
total bacterial DNA for the 3 biotrickling filters. dl: detection limit. 
Hyphomicrobium VS (%) Thiobacillus thioparus (%) Time 
(days) THIO HANDS HANDS++ THIO HANDS HANDS++ 
1 < dl 0.00016 8.5 90 < dl 7.9 
11 0.18 0.0020 0.78 155 < dl 11 
25 0.0050 0.00041 0.14 3.3 17.4 32 
37 0.18 0.00014 0.039 64 1.4 31 
53 0.015 0.0028 0.071 5.1 5.2 18 
74 0.11 0.0029 0.33 33 25 438 
98 1.6 0.0019 0.032 9.2 13 17 
119 12 0.0022 0.0063 9.4 1.9 2.1 
 
For quantification of the inoculated strains, both DGGE and real-time PCR gave consistent results. 
The DGGE banding pattern only showed a faint band for Hyphomicrobium VS for THIO on day 
98, corresponding with the sample for which the highest Hyphocmicrobum VS concentration was 
measured with real-time PCR. The threshold for detection of Hyphomicrobium VS with DGGE 
was 5.5 x 105 copies ring-1 (1.6% of total population). T. thioparus could be observed in all DGGE 
patterns from day 25, which agrees with the high numbers of T. thioparus that were measured with 
real-time PCR. Also the initial increase of the amount of T. thioparus copies on the rings was 
reflected in the DGGE patterns of all reactors, and also the decrease at the end of the experiment in 
THIO. T. thioparus could still be detected with DGGE at the lowest amount of 1.3 x 105 copies 
ring-1 and at a relative abundance of 1.4%. Real-time PCR enabled the detection of a 
Hyphomicrobium subpopulation of 0.00014% from the number of total bacterial genomes in the 
HANDS reactor, which is somewhat better than the 0.01% observed by Malinen et al. (2003). 
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7.5. CONCLUSIONS 
 
From all biotrickling filters, HANDS++ showed the best DMS removal during variable operational 
conditions such as start-up, DMS peak loading, decreasing pH and intermittent DMS loading. The 
performance of HANDS was only slightly less under certain conditions, but especially the 
difference with THIO was significant. The use of T. thioparus as inoculum in a biotrickling filter 
for DMS removal is therefore only recommended when continuous DMS loading is applied. Both 
real-time PCR and DGGE showed similar results with respect to the abundance of 
Hyphomicrobium VS and T. thioparus in the biofilm of the reactors. In general, both strains 
developed in all reactors, also in those in which they were not added. T. thioparus was always 
present in higher numbers than Hyphomicrobium VS, suggesting that the former strain is better 
adapted to grow in the sludge matrix in the DMS degrading biotrickling filters. The number of T. 
thioparus on the rings in THIO was strongly related to the DMS influent loading, which was less 
the case in the sludge biotrickling filters. 
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GENERAL DISCUSSION, CONCLUSIONS AND PERSPECTIVES 
 
 
In this dissertation, different problems have been addressed with regard to the application and 
operation of biofilters and biotrickling filters for odour removal. Different approaches were used to 
investigate the activities, diversity and abundance of the bacteria present: microcosm assays, plate 
counts, DGGE analysis of 16S rDNA and rRNA, and real-time PCR. The main accomplishments 
from our work encompassed both operational and microbial aspects, although these were 
frequently interrelated. New fundamental insights regarding the microbial ecology in biofilters and 
biotrickling filters were obtained, which could often provide an explanation for the operational 
performances observed.  
 
In the first part of this work, the application of biofiltration for odour removal was investigated.  
In Chapter 2 it was shown that isobutanal influent loading rates exceeding 63 g m-3 h-1 in a 
biofilter caused accumulation of intermediates (isobutanol and isobutyric acid), a pH decrease and 
a decreasing removal efficiency. To our knowledge, the simultaneous oxidation and reduction of 
an aldehyde has never been reported before in a biofilter. The results indicated that the application 
of biofilters at high loading rates is limited, even for compounds that are considered to be readily 
biodegradable. 
In Chapter 3 it was found that T. thioparus was responsible for H2S degradation at loading rates 
between 4.2 and 30 g m-3 h-1 in a biofilter. Both 16S rDNA- and rRNA-based DGGE analysis were 
used to track the abundance and activity of this bacterium during reactor operation. H2S loading 
led to a stable microbial community with a few dominant bacteria. The activity-diversity of the 
ammonium oxidizing bacteria was indicative for the H2S loading, in this way that the natural 
activity change of this community, as was observed in the control biofilter, was delayed during 
H2S loading 
In contrast with the previous chapters, lower pollutant loading rates (1.6 – 9.9 g m-3 h-1) were 
investigated in Chapter 4. Pollutant concentration profiles and microcosm assays showed a spatial 
distribution of pollutant degradation and microbial activities in a biofilter treating a mixture of low 
concentrations of odorous compounds. Isobutanal was degraded in the inlet section of the biofilter, 
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limonene in all 3 biofilter sections and dimethyl sulfide mainly in the outlet section. In addition, 
the limonene degradation decreased in time during long-term biofiltration, which was not the case 
for the removal of isobutanal. These observations were in correspondence with the decreasing 
limonene oxidation potentials that were observed in the microcosm assays. The study also showed 
that the efficiency of inoculation with Hyphomicrobium VS to increase the DMS removal 
efficiency in a biofilter can be limited, in the case when a mixture of odorous compounds is 
treated. This was probably related with a bad proliferation of the inoculum in the filter matrix. 
Both the decreasing total heterotrophic bacterial counts and the varying number of ammonium 
oxidizing bacteria were related with the low pollutant loading rates.   
 
The next chapters described different aspects of inoculation in order to maximize the removal of 
odorous sulfur compounds in biotrickling filters. 
First, an improved Hyphomicrobium VS inoculation protocol was developed for efficient DMS 
removal in a biotrickling filter (Chapter 5). The protocol provided high initial Hyphomicrobium 
VS numbers on the packing material leading to immediate high DMS removal efficiencies without 
the need for a long start-up period. The inoculation protocol had a significant influence on the 
composition of the microbial communities in the biofilm. The stable microbial community 
provided an efficient DMS removal and high elimination capacities (57 g m-3 h-1), while the DMS 
elimination in the unstable community was lower (maximally 7.2 g m-3 h-1).  
In Chapter 6, an efficient two-stage biotrickling filter was constructed for the simultaneous 
removal of a mixture of H2S and DMS, using a biotrickling filter inoculated with Acidithiobacillus 
thiooxidans (ABF) and the most performing DMS degrading biotrickling filter from the previous 
chapter. The effect of varying parameters such as peak concentrations and starvation were 
investigated. The DMS degrading reactor could cope with varying operational conditions, 
although sometimes a recovery period of a few days was needed, especially after 10 days of 
starvation. The H2S degrading reactor showed consistently high removal efficiencies (> 99%), also 
during varying operational conditions. The microbial communities in the biofilms of both reactors 
were very stable, and the species diversity in the H2S degrading biotrickling filter was very low. In 
the DMS degrading bioreactor, however, a diversity of bacteria developed in addition to the 
inoculum, Hyphomicrobium VS. The microbial community composition in the circulating liquid 
was very different from that of the biofilm. 
Finally, 3 different inocula for DMS removal (3 g m-3 h-1) were compared in Chapter 7. The 
inocula consisted of sludge from a membrane bioreactor with and without adding T. thioparus TK-
m and Hyphomicrobium VS, and a pure T. thioparus TK-m suspension. The sludge inocula 
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enabled the fastest start-up of the reactor and were most efficient for the removal of the DMS 
under variable conditions in the biotrickling filter (peak concentrations, intermittent loading, and 
decreasing pH). Adding extra DMS degrading strains to the sludge slightly improved reactor 
operation. A real-time PCR protocol was also developed to quantify the added strains in the 
reactors. Real-time PCR analysis was specific and sensitive, and showed that T. thioparus TK-m 
established itself better in the sludge than Hyphomicrobium VS. DGGE analysis was in accordance 
with the real-time PCR results, but less sensitive for detecting the inoculated strains. 
 
Most of the findings summarized above, were discussed in detail in the previous chapters of this 
thesis. The following general discussion will focus on insights that were obtained by combining 
the results from the different chapters, and that relate to general aspects of the microbial ecology in 
biofilters and biotrickling filters.  
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8.1. OPTIMAL INOCULUM FOR DMS REMOVAL IN BIOTRICKLING FILTERS 
 
In Chapters 5, 6 and 7 results were described for DMS biotrickling filtration, using different 
inoculation protocols, inocula and pollutant concentrations. In Table 8.1 the set-up and results of 
these experiments are summarized. In most previous studies about the biotrickling filtration of 
DMS, but also of other compounds, only one inoculum was tested (e.g. Pol et al. (1994); 
Ruokojarvi et al. (2001)). However, different inocula can exhibit different behavior regarding e.g. 
adhesion and growth on the packing material, biodegradation capacities and stability of operation, 
which may influence the DMS removal in biotrickling filters greatly. Therefore, we combined the 
data of the DMS biotrickling filter experiments in order to select the most suitable inoculum. All 
experiments were performed using very similar reactor set-ups, as described in the material and 
methods sections of the respective chapters.  
 
Table 8.1. Overview of the biotrickling filter experiments for DMS removal. 
Chapter Inoculum Reactor EBRT 
(s) 
Conc. 
(ppmv) 
Bv
(g m-3 h-1) 
ECmax 
(g m-3 h-1) 
5 Hyphomicrobium VS 
(protocol 1) 
HBF 1 120 30 – 200 2.3 – 15.7 9.3 
5, 6 Hyphomicrobium VS 
(protocol 2) 
HBF 2 30 - 
120 
120 - 
1058 
9.2 – 81.9 57.9 
7 T. thioparus TK-m THIO 60 17 – 400 2.6 - 61.1 35.3 
 HANDS sludge HANDS 60 17 – 400 2.6 - 61.1 27.8 
 HANDS sludge + 
Hyphomicrobium VS + 
T. thioparus TK-m 
HANDS
++ 
60 17 – 400 2.6 - 61.1 34.2 
 
Based on the ECmax values reported in Table 8.1, it can be concluded that inoculation with 
Hyphomicrobium VS with the improved inoculation protocol 2 (HBF 2), is the best solution for 
efficient DMS removal at high loading rates in a biotrickling filter. Waste gases containing high 
concentrations of DMS and other reduced sulfur compounds can be emitted by e.g. Kraft pulp 
mills. Bordado and Gomes (2002) for instance measured DMS concentrations exceeding 200 
ppmv and even up to 24400 ppmv in the non-condensable gases from Kraft pulp mills. Although 
the HBF 2 exhibited efficient DMS removal during most of the time, temporary decreases of the 
DMS removal efficiency (1 – 2 days) were observed during unstable operational conditions, such 
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as a sudden increase of the DMS concentration with 120 to 200 ppmv and a pH decrease below 6. 
Also, after a 10 days period without DMS supply, 5 days were required before the DMS removal 
reached 80% again. Therefore, it can be concluded that a stable DMS removal efficiency with 
Hyphomicrobium VS requires relatively stable operational conditions. 
Odour sources like wastewater treatment and composting plants generally emit rather low 
concentrations of DMS, in contrast with the Kraft pulping. Typical concentrations of VOSCs are 
in the low ppmv range, although concentrations up to several tens of ppmv have been observed 
(Smet and Van Langenhove 1998). For such waste gases, also Thiobacillus thioparus and the 
sludge inocula (HANDS and HANDS++) can be considered, because they performed well at lower 
DMS loading rates (about 3 g m-3 h-1). Important criteria for the selection of an inoculum in this 
case are: length of the start-up period, DMS removal efficiency and stability of DMS removal 
under varying operating conditions. In Figure 8.1, the performance during the start-up period is 
compared for all reactors, except for the HBF 2, which was operated at higher DMS loading rates.  
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Figure 8.1. Start-up for DMS biotrickling filtration: A. Bv for HBF 1 (●) and THIO, HANDS 
and HANDS++ (○), B. EC for HBF 1 (●), THIO (○), HANDS (U) and HANDS++ (V) 
 
During the first 11 days, similar loading rates were applied, and the HBF 1 showed the best 
performance. From day 10, the performance of the biotrickling filters using sludge as inoculum 
was the same as the HBF 1, while it took another 12 days before the THIO biotrickling filter 
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exhibited the same EC as HANDS and HANDS++. The outlet concentrations in the HBF 1 always 
remained higher than 4 ppmv, however, while the other reactors could remove DMS to below the 
detection limit (~0.5 ppmv). Therefore, although the Hyphomicrobium VS inoculum enabled the 
fastest start-up, it is less suitable for the removal of low DMS concentrations. Also Pol et al. 
(1994) observed in their biotrickling filter that Hyphomicrobium VS did not remove DMS below a 
concentration of 1 ppmv, which is still above the odour threshold value of DMS (0.001 – 0.003 
ppmv). 
The biotrickling filters THIO, HANDS and HANDS++ removed concentrations of about 20 ppmv 
(3 g m-3 h-1) with > 97% efficiency. The most important difference between those reactors was the 
decreasing DMS removal efficiency in THIO when intermittent loading of DMS was applied, 
which was not observed in HANDS++, and only to a small extent in HANDS. Thus, when a DMS 
containing waste gas needs to be treated, for instance only during 8 hours per day, Thiobacillus 
thioparus TK-m is not suitable as inoculum, and the sludge inoculum could be used instead, 
preferably supplemented with additional DMS degrading strains like Thiobacillus thioparus TK-m 
and Hyphomicrobium VS.  
 
From all biotrickling filter experiments it can be concluded that the optimal inoculum for DMS 
removal is dependent on the characteristics of the waste gas stream that has to be treated. The 
following inocula are recommended: Hyphomicrobium VS for high loading rates, Thiobacillus 
thioparus TK-m for low loading rates at stable DMS concentrations, and sludge +  Thiobacillus 
thioparus TK-m + Hyphomicrobium VS for low loading rates at intermittent DMS loading. 
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8.2. MICROBIAL COMMUNITIES IN BIOFILTERS AND BIOTRICKLING FILTERS  
 
A variety of reactors and operational conditions have been described in the previous chapters. We 
studied an IBAL degrading biofilter receiving high loading rates (Chapter 2), a H2S degrading 
biofilter (Chapter 3), a biofilter receiving IBAL, LIM and DMS at low loading rates (Chapter 4), a 
biotrickling filter removing H2S (Chapter 6), and different biotrickling filters removing DMS 
(Chapters 5, 6 and 7). From all these reactors samples were taken at different times for DGGE 
analysis, although these results were not described in Chapters 2 and 4. Combining these results 
makes it possible to get a broader overview of the microbial community dynamics in biofilters and 
biotrickling filters under different operational conditions.  
 
8.2.1. Microbial community diversity 
 
In Figure 8.2, DGGE patterns for the biofilters (rRNA-based) and biotrickling filters (rDNA-
based) used in this study are compared. Direct comparison between the patterns of the biofilters 
and biotrickling filters is limited, however, because of the differences in rRNA- and rDNA-based 
DGGE patterns. However, the results from Chapter 3 showed that both DGGE patterns were rather 
similar in the H2S degrading biofilter, especially regarding the presence of bands. Therefore, it 
could be expected that the rDNA- and rRNA-based patterns are also similar for the other biofilters 
used, although this comparison was not performed. All biofilters showed very different gel 
patterns. The bacterial community composition in the biotrickling filters HANDS/HANDS++ and 
HANDS/THIO showed Pearson correlation coefficients of 69%. All other values were smaller 
than 47%. No consistent differences could be observed between the diversities of the biofilter 
samples and the biofilm samples of the biotrickling filters (e.g. higher diversity in the biofilters). 
When using the sludge inoculum in the biotrickling filters, the diversity is similar as that of the 
biofilters. Only the ABF showed a very low diversity, which was most likely related to the sub-
optimal environmental conditions in the ABF (pH ~2). Although the other biotrickling filters used 
pure inocula (THIO, HBF 1, HBF 2), a large diversity quickly developed on the rings after 
inoculation, although only one carbon source (DMS) was supplied as substrate. This means that a 
diversity of bacteria were present in the surrounding air that could grow on DMS as carbon source 
or that could establish themselves in the reactors as a secondary population. The observation that 
the biotrickling filters become quickly populated with non-inoculated bacteria is one of the 
important new findings in this work.   
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 1    2    3     4     5    6     7    8     9    
Biofilters: 
1. H2S biofilter, section 1, d 52 
(Chapter 3) 
2. IBAL biofilter, section 1, d 52 
(Chapter 2) 
3. Control biofilter, section 1, d 
52 (Chapter 3) 
4. Biofilter with complex influent, 
section 1, d 53 (Chapter 4) 
 
Biotrickling filters: 
5. ABF, d 22 (Chapter 6) 
6. HBF 2, d 60 (Chapter 6) 
7. THIO, d 53 (Chapter 7) 
8. HANDS, d 53 (Chapter 7) 
9. HANDS++, d 53 (Chapter 7) 
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Figure 8.2. Representative DGGE patterns of samples of all biofilters and the biofilm of all 
biotrickling filters from this thesis. The numbers above the gel picture indicate the reactor 
number, explained in the legend. The Shannon Diversity Indices are indicated below the gel 
picture. 
 
8.2.2. Microbial community dynamics 
 
In Figure 8.3, the evolution in time of the Pearson correlation coefficients of consecutive samples 
(Ri,i+1) from all biofilter (rRNA-based) and biotrickling filter (rDNA-based) samples are shown, in 
order to compare the microbial community dynamics from all experiments. The HANDS 
biotrickling filter is not included, because the values are very similar to those of HANDS++. As 
indicated in the previous chapters, the higher the Ri,i+1 value, the more stable the microbial 
community. 
 
In all biotrickling filters, except in the ABF, an adaptation period was observed during which the 
microbial community changed the most. If an Ri,i+1 > 65% is considered as the threshold, it takes 
60 days before a stable community is obtained in HBF 2, and 37 days in THIO and HANDS++. In 
the ABF, however, the biofilm community was very stable from the reactor start-up, because the 
ABF biofilm was already adapted to H2S removal before start-up of the reactor.  
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In the biofilters, the microbial community dynamics were based on the active population changes, 
as explained before in Chapter 3. A similar adaptation period as in the biotrickling filters was 
observed in the H2S degrading biofilter (during 29 days), but not in the IBAL degrading biofilter, 
which exhibited a stable microbial community from the start-up of the reactor. Therefore, the 
change in the activity of the different bacteria before obtaining an adapted community was 
extensive during H2S loading but only small during IBAL loading. This could be related with a 
lower toxicity of IBAL towards bacteria. It should be remarked that the stability in the IBAL 
degrading biofilter was not affected by the production of intermediates and acidification. The 
control biofilter was used to mimic the “natural” evolution of the microbial communities in the 
compost, without application of a selective pressure to the biofilter. These conditions led to a 
longer adaptation period before a stable microbial community was obtained, compared with the 
H2S and IBAL degrading biofilters.  
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Figure 8.3. The evolution of the Pearson correlation coefficients of consecutive samples for 
all biofilters (rRNA, left graph) and biotrickling filters (rDNA, right graph) used in this 
thesis. The dates corresponding with the beginning and end of the horizontal line sections 
indicate the dates i and i+1, respectively. The horizontal line (Ri,i+1 = 65%) is considered as 
the threshold for a stable microbial community.  
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In conclusion, analysis of the diversity and temporal variation of the DGGE patterns of the 
microbial communities in biofilters and biotrickling filters showed that: 
• The diversity in biotrickling filters depends on the conditions in the reactor, and is low 
under unfavorable conditions (e.g. low pH). A low diversity is not caused by applying an 
inoculum consisting of one bacterium, because a diversity of bacteria developed in the 
biofilm during reactor operation if the conditions were favorable. 
• The microbial biofilm community composition in biotrickling filters changes after start-up 
and becomes very stable afterwards, even when varying operational conditions are applied.  
• In the biofilters, the occurrence of a dynamic start-up period before a stable microbial 
community developed, depended on the waste gas composition.   
• The degree of stability of the microbial communities after start-up is the same in biofilters 
and biotrickling filters. 
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8.3. INOCULATION AND ODOUR DEGRADING MICROORGANISMS 
 
In biofilters, a sufficient number and a high diversity of microorganisms are generally present and 
therefore, inoculation is not frequently applied. Only in a few cases it has been shown that 
inoculation was beneficial, e.g. for removal of volatile organic sulfur compounds (Cho et al. 
1992b; Smet et al. 1996a) or ethene (Vanginkel et al. 1987). In a number of other studies, 
inoculation was applied as a standard procedure, although its usefulness was not demonstrated or 
investigated (Aizpuru et al. 2001; Grove et al. 2004; Kiared et al. 1997; Quinlan et al. 1999; 
Sheridan et al. 2003; Wani et al. 1999). In Chapter 4, a biofilter treating a mixture of odorous 
VOCs was inoculated with Hyphomicrobium VS to improve the DMS removal. Based on a low 
DMS degradation in microcosm tests, a poor proliferation of the inoculum was inferred in the inlet 
section of the biofilter. Therefore, DMS was initially only removed in the outlet section of the 
biofilter. However, after a few weeks the DMS removal in the outlet section also decreased and the 
inoculation was not successful in the long run. Although it had been shown before that inoculation 
with Hyphomicrobium sp. was successful when only DMS was loaded to a biofilter (Smet et al. 
1996a), this study indicated that inoculation of a biofilter can be inefficient when a complex 
mixture of VOCs is treated.   
In Chapter 3 it was found that the H2S removal in a biofilter mainly stimulated the presence of 
Thiobacillus thioparus, and therefore, this bacterium was considered as the most important 
primary degrader. In previous studies, inoculation has been applied in H2S degrading biofilters 
(Kim et al. 1998; Shojaosadati and Elyasi 1999), but the current results indicate that this is not a 
prerequisite for efficient removal of high H2S loading rates in a compost biofilter.   
 
In biotrickling filters, that do not have an indigenous microbial population, inoculation is always 
required. According to Cox and Deshusses (2001), the selection of the inoculum becomes 
increasingly important when the pollutant is more difficult to degrade. The authors recommended 
adapted consortia or pure cultures for the degradation of poorly biodegradable pollutants, and non-
specific inocula for the removal of readily biodegradable compounds. Because DMS is not readily 
biodegraded in biofilters (Goodwin et al. 2000; Van Langenhove et al. 1992), it could be regarded 
as a moderately biodegradable compound. In this study, we found that the suitability of specific or 
complex inocula for DMS removal in biotrickling filters depended on the characteristics of the 
waste gas stream (DMS concentration and variation of the DMS concentration). Therefore, we 
conclude that the general rule of Cox and Deshusses (2001) is not always applicable as such, and 
that the decision to use complex or specialized inocula has to be made case by case. 
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When biofilters and biotrickling filters efficiently operate after inoculation, it is usually assumed 
that the inoculated strains have established themselves in the reactors and degrade the odorous 
pollutant. However, these assumptions have not been investigated carefully before. In Chapter 5, 
two biotrickling filters were compared for DMS removal after inoculation with Hyphomicrobium 
VS. The HBF 1 removed DMS less efficiently than the HBF 2, although in both cases, the 
presence of Hyphomicrobium VS in the microbial community was shown by DGGE and plate 
counting. Besides Hyphomicrobium VS, a diverse new microbial community developed 
spontaneously during reactor operation. The main differences between both reactors were the 
composition and stability of these microbial communities. The amount of Hyphomicrobium VS 
was only slightly higher in the HBF 2 than in the HBF 1 (about 2 to 3 times). This indicated that 
besides the inoculum, the associated bacteria are important in determining the reactor efficiency, in 
the case that the conditions in the reactor allow such colonization. These associated bacteria could, 
influence the reactor efficiency in a positive (e.g. producing growth factors) or negative (e.g. 
competition) way. In the H2S degrading biofilter (Chapter 6), the biofilm microbial community 
mainly consisted of the inoculated Acidithiobacillus thiooxidans. Due to the very selective reactor 
conditions (high H2S concentration, low pH) colonization with other bacteria was very limited in 
this case, and had therefore no major impact on the efficiency of the reactor. The results from both 
the experiments with Hyphomicrobium VS and A. thiooxidans suggest that the development of 
other bacteria besides the inoculum is not necessary, and could even cause a decreasing reactor 
performance in some cases.   
In the biotrickling filter experiments in Chapter 7, Hyphomicrobium VS and T. thioparus TK-m 
were quantified after their introduction in the reactors. In the reactor where only T. thioparus TK-
m was added a fast development of other bacteria was observed, similarly as in the HBF reactors. 
Real-time PCR and DGGE analysis showed the dominance of T. thioparus TK-m during periods 
of high DMS loading rates. At the lowest loading rates, the strain became less dominant, however. 
The presence of T. thioparus TK-m was related with the DMS loading rate, which confirmed its 
role in the DMS degradation in this reactor. By comparing the performance of the two reactors 
with the sludge inoculum with (HANDS++) and without (HANDS) addition of extra DMS 
degrading strains, some aspects of the niche of both strains could be unravelled. A slightly better 
DMS degradation was observed in HANDS++ under varying operational conditions. In both 
reactors, T. thioparus developed at high concentrations, therefore, the benefit of inoculation was 
only temporary. The high numbers of T. thioparus suggested the importance of the strain for DMS 
degradation in both bioreactors. Hyphomicrobium VS also developed in both reactors, but in much 
lower numbers, and consistently a higher number was observed in the biofilm of HANDS++. In 
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this case, the inoculation caused an increased abundance of the strain. However, because the 
hyphomicrobia can also obtain energy from non sulfur-containing pollutants, its exact role as 
primary or secondary degrader could not be determined.  
 
Both the results from the biofilters and biotrickling filter experiments, suggest that Thiobacillus 
thioparus has a significant role in the degradation of VOSCs. The strain spontaneously developed 
in high numbers in a compost biofilter and in a biotricking filter inoculated with sludge. In the 
latter reactor, similar numbers were observed as in the biotrickling filter inoculated with sludge 
and T. thioparus. Although hyphomicrobia also developed spontaneously in a DMS degrading 
biotrickling filter, their role in the DMS degradation was not certain. In all reactors, 
hyphomicrobia were not dominant, even when the strain was supplied solely or added in a sludge 
matrix. This was not the case for T. thioparus, which became always dominant, irrespective 
whether inoculation was applied. These findings lead to the conclusion that T. thioparus is more 
adapted to grow in a biofilter or biotrickling filter and to remove VOSCs, in comparison with 
hyphomicrobia.  
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8.4. GENERAL CONCLUSIONS 
 
In this work, several problems occurring during biological waste gas treatment in biofilters and 
biotrickling filters were addressed, such as the removal of medium to high loading rates of odorous 
compounds, the long-term removal of low loading rates of a mixture of odorous compounds, and 
the optimization of inoculation for DMS removal in a biotrickling filter.  
It was shown that the removal efficiency of a well-biodegradable odorous VOC (IBAL) decreased 
at high loading rates, due to nutrient limitation, dehydration and the production of intermediates. 
Due to the limited process control in biofilters, it is very difficult to resolve these problems. Also 
in the case of H2S biofiltration, accumulation of reaction products (e.g. sulfur, sulfate) can cause 
decreasing removal efficiencies. At low pollutant loading rates, the causes of biofilter 
malfunctioning were different, and related to decreasing activities of the pollutant degrading 
strains. This was especially the case for hydrophobic compounds (i.e. LIM) and compounds that 
require inoculation (i.e. DMS).  
Biotrickling filters were found to be very efficient for DMS removal, at low as well as high 
loading rates. Changing operational conditions caused temporary decreases of the removal 
efficiencies, however. The optimal inoculum for DMS removal depended on the waste gas 
characteristics: Hyphomicrobium VS for high loading rates, Thiobacillus thioparus TK-m for low 
loading rates at stable DMS concentrations, and sludge +  Thiobacillus thioparus TK-m + 
Hyphomicrobium VS for low loading rates at intermittent DMS loading. The H2S degrading 
biotrickling filter was more stable than the DMS degrading biotrickling filter under varying 
operational conditions. 
 
The microbiological techniques that were used in this work each had their own advantages and 
application area. Microcosm tests were the only way to determine pollutant-specific degrading 
activities in biofilters, but they could not identify pollutant degrading microorganisms. Plate 
counts could be used for specific bacterial quantification for some applications, but they were not 
useful when complex biofilms (e.g. sludge, compost) were present. In this case, DGGE and real-
time PCR were more specific. With DGGE, a general overview of the microbial community 
composition and dynamics could be obtained, and sequencing could reveal the identity of 
important bacteria. In both biofilters and biotrickling filters, primary degraders could be observed 
using DGGE. However, the sensitivity of DGGE analysis was limited, making real-time PCR 
especially useful to quantify bacteria that only constitute a very small part of the microbial 
community.  
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8.5. PERSPECTIVES 
 
In this dissertation new findings and insights were presented, both with respect to the operation 
and the microbial ecology in biofilters and biotrickling filters. However, new questions have also 
been raised. Therefore, based on the obtained results, some indications about the direction of 
further research in this field can be made. 
 
It was found in this study that the long-term performance of biofilters can decrease. Even if the 
operational conditions can be controlled, both microbiological and/or physical (e.g. particle 
degradation) limitations can cause this decrease. Because biofiltration is the cheapest among the 
biological waste gas treatment technologies, it is still worthwhile to further optimize their long-
term operation. New, more stable packing materials are increasingly used or investigated (e.g. 
perlite, lava rock, poly(vinyl alcohol)/pig manure composite beads,…). However, more research 
should also be performed on the identification of compounds that exhibit decreasing removal 
efficiencies as a function of time, and on inoculation strategies to increase their degradation. For 
instance, for sustainable removal of low limonene loading rates, Pseudomonas and Rhodococcus 
species could be used as inoculum (Hernandez et al., 1997; Yoo and Day, 2002).  
 
The results from this study suggested that the sludge obtained from a membrane reactor treating 
landfill leachate is most suitable as inoculum for the removal of relatively low DMS loading rates 
in a biotrickling filter. Because they are cheap and easy to obtain, sludge inocula should be further 
investigated for their application in biotrickling filters. However, sludge from sewage treatment 
plants should be considered as a potential source of pathogens (Monpoeho et al. 2004). Biofilters 
do no emit high concentrations of bacteria or fungi (Sanchez-Monedero et al. 2003; Zilli et al. 
2005), however, no studies are available about the emissions of microorganisms from biotrickling 
filters. It was found that aerosols generated at wastewater treatment plants can contain high 
numbers of bacteria and fungi (Bauer et al. 2002), therefore, the occurrence of the same 
phenomenon should be assessed for biotrickling filters, before activated sludge from sewage 
treatment plants is used as an inoculum in full-scale installations. 
 
We showed that unstable loading conditions affected the DMS removal efficiency in biotrickling 
filters, and that sometimes a few days are needed before the maximal removal efficiency is again 
obtained. However, these recovery periods can lead to odour nuisance adjacent to full-scale 
installations. Therefore, it should be investigated if these recovery periods can be minimized. In 
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the first place, fluctuating loading rates can be equalized by a GAC column, as was demonstrated 
by Li and Moe (2005). However, this is a large additional cost, and therefore, biological 
alternatives should be investigated. One option is substrate dosing during periods without influent 
loading, either in the gas or liquid phase. The substrate should be cheap and the bacteria should not 
require an adaptation period after switching to the input of the pollutant. For instance, the addition 
of methanol is possible, since it was shown in Chapter 6 that methanol-grown Hyphomicrobium 
VS immediately removed high loading rates of DMS. Also other (cheaper) substrates could be 
investigated, although it has to be verified that this does not decrease the DMS removal efficiency 
of the reactor, e.g. by stimulating the growth of non DMS degraders. In this work it was shown 
that the choice of inoculum can influence the stability of DMS removal in biotrickling filters. 
Therefore, inoculum selection should also be investigated for other waste gases. Important aspects 
of such research include: (i) development of quantification methods for the applied inocula, (e.g. 
real-time PCR), (ii) determination of the survival and pollutant degradation of different inocula 
under varying operational conditions, and (iii) determination of the specific application areas for 
“tailor-made” inocula. 
 
DGGE analysis was found to be useful to monitor the dominant bacteria in biofilters and 
biotrickling filters. The use of 16S rRNA-based DGGE analysis allowed analyzing the active 
bacteria in a biofilter, but still this is not a direct evidence for pollutant degradation. For this 
purpose, stable isotope probing (SIP) should be investigated in biofilters. Knief et al. (2003) have 
already used this technique combined with PLFA analysis to monitor pollutant degrading 
autotrophs in biofilters and biotricking filters. With PLFA analysis, it is often impossible to 
identify bacteria, however. Therefore, SIP could be combined with DGGE analysis, which would 
provide a complete overview of the diversity of the pollutant degrading bacteria with the 
possibility to identify these bacteria. The proposed protocol would include (i) nucleic acid 
extraction of biofilm/biofilter matrix that degraded labelled substrate, (ii) separation of labelled 
(with 13C) and unlabelled (with 12C) nucleic acids by density gradient centrifugation, and (iii) 
comparison of the DGGE profiles of the labelled and unlabelled nucleic acids to determine the 
pollutant degrading fraction of the total bacterial community. Also other techniques could be 
combined with SIP (e.g. T-RFLP, cloning and sequencing).  SIP could especially be useful to 
determine the heterotrophic species that degrade VOCs in biofilters and biotrickling filters, 
because in contrast with the autotrophs, a large diversity of heterotrophs is generally present. The 
latter bacteria can often degrade a wide range of secondary substrates and biofilm constituents, 
making it difficult to determine the physiological role of identified or isolated heterotrophs.   
168 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SUMMARY 
 
 
SUMMARY 
 
 
Biological waste gas treatment technologies have been used for several decades to removal 
odorous pollutants and volatile organic compounds from gaseous emissions. Therefore, a large 
amount of knowledge is available about the biodegradability of volatile pollutants in such reactors 
and the conditions for optimal reactor operation. However, the microbial ecology in biological 
waste gas treatment systems is less known. Because microorganisms are the basis of these 
systems, an increased knowledge about the identity and functions of these microorganisms and the 
possibilities to manipulate them, could potentially increase the application area, industrial 
acceptance and general performance of these technologies. The recent development of molecular 
techniques made it possible to study the microorganisms that were previously “invisible” when 
using culturing techniques. The aim of this dissertation was resolving different problems that occur 
during the removal of odorous compounds from waste gases, with a major focus on the microbial 
aspects of these problems.  
The literature review, provided in Chapter 1, indicated that the research in biofilters and 
biotrickling filters for waste gas treatment had focussed on different aspects of the microbial 
ecology. In biofilters, a lot of efforts were made to identify the microorganisms inhabiting the 
organic filter materials. In biotrickling filters, studies often focussed on the structure, microbial 
composition and activity of the biofilm. The literature review indicated that more studies were 
needed (i) to determine the stability of the microbial ecosystems in bioreactors for waste gas 
treatment and the influence of operational changes, (ii) to identify and manipulate the odour 
degrading microorganisms, and (iii) to optimize inoculation strategies.  
 
The first 3 chapters of this research described the removal of both medium to high and low loading 
rates of odorous compounds in compost biofilters.  
In Chapter 2, the biodegradation of isobutanal was investigated at mass loading rates between 9 
and 172 g m-3 h-1. At mass loading rates up to 33 g m-3 h-1, near 100% removal efficiencies could 
be obtained. However, after increasing the loading rate to 63 - 79 g m-3 h-1, the removal efficiency 
(η) decreased to 62 – 98%. In addition, a pH decrease and production of isobutanol and isobutyric 
acid were observed. The isobutanal removal efficiency at higher loading rates was limited by a 
combination of nutrient limitation, pH decrease and dehydration, the importance of each limiting 
factor depended on the influent concentration.  Low pH was an important factor controlling the 
emissions of isobutanol, although adaptation to low pH values occurred, again leading to 
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decreasing IBOL emissions. The persistence of intermediates in the effluent was caused by a slow 
degradation rate of these compounds in the compost material. 
Chapter 3 provided both operational and microbiological insights of H2S degradation at medium 
high loading rates (4.1 – 30 g m-3 h-1) in a biofilter. The reactor removed H2S very efficiently (η > 
93%) at the highest loading rates applied, but the removal efficiency decreased during long-term 
operation. This was probably due to decreased substrate mass transfer caused by sulfur 
accumulation and compost agglutination. Denaturing gradient gel electrophoresis (DGGE) 
analysis showed that H2S loading to the biofilter caused a decreasing activity-diversity and -
evenness but a high stability of the active microbial communities, which was not the case in the 
control biofilter. Sequencing of DGGE bands suggested that T. thioparus was an important 
primary degrader in the H2S degrading biofilter, with respect to both abundance and activity. 
Decreasing H2S removal efficiencies near the end of the experiment could not be related with the 
diversity indices used or with a decreased dominance of T. thioparus, confirming a decreasing 
mass transfer as the cause of decreasing H2S removal efficiencies. Significant changes in the 
ammonium oxidizing bacterial community were observed during malfunctioning of the biofilter, 
but also in the control biofilter, suggesting a delayed “natural” community change in the H2S 
degrading biofilter, directly or indirectly caused by the H2S loading.  
Low loading rates (1.6 – 9.9 g m-3 h-1) of the odorous compounds isobutanal (IBAL), limonene 
(LIM) and dimethyl sulfide (DMS) were dosed to a biofilter in Chapter 4, for a period of 9 
months. IBAL was usually removed for more than 90% in the inlet section of the biofilter, while 
the LIM removal was spread over the 3 biofilter sections. DMS removal occurred almost 
exclusively in the outlet section of the biofilter. During the course of the experiment, the LIM 
removal shifted to the outlet section of the biofilter, until breakthrough occurred. Although 
inoculation with Hyphomicrobium VS was applied to increase the removal of DMS, only 12 days 
with > 90% DMS removal were observed. Microcosm assays indicated increasing degradation 
activities in the outlet section compared with the inlet section, during the course of the experiment. 
This could be related with the removal efficiencies of the compounds in the biofilter in most cases. 
The low carbon loading rates in the biofilter induced a decreasing number of heterotrophs, 
especially in the outlet section of the biofilter. The ammonium oxidizing bacteria (AOB) were 
more persistent in the sections where low elimination capacities (ECs) occurred, probably because 
of their inability to effectively compete for ammonia with the heterotrophs. The decreasing 
pollutant removal efficiencies, microbial activities and bacterial cell counts observed in this 
chapter indicated that low pollutant loading rates could limit the long-term stability of biofilters.  
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The next 3 chapters described different aspects of inoculation in order to maximize the removal of 
odorous sulfur compounds in biotrickling filters. 
In Chapter 5, two Hyphomicrobium VS inoculation protocols were compared for start-up of a 
biotrickling filter removing DMS. One biotrickling filter (HBF 1) was filled with rings on which 
Hyphomicrobium VS was grown by submersion in a nutrient medium containing the bacterium 
and feeding with DMS. The other biotrickling filter (HBF 2) was filled with rings that were 
submerged in nutrient medium, but continuously supplied with actively growing Hyphomicrobium 
VS and fed with methanol. The maximal DMS EC at 90% removal efficiency of the HBF 1 was 
7.2 g m-3 h-1 after 30 days of operation. The elimination capacity decreased, however, when the 
inlet loading rate exceeded 15 g m-3 h-1 (200 ppmv inlet concentration). The performance of the 
HBF 2 was much better, with an EC of 8.3 g m-3 h-1 (η = 90%) after 2 days of operation, 
increasing to a maximum of 57 g m-3 h-1 (η= 92%). Microbial community analysis with DGGE 
showed very different microbial communities in both biotrickling filters (Pearson correlation 
coefficient of 0%). Moreover, the decreased DMS EC of the HBF 1 at higher influent loading rate 
corresponded with a drastic change of the microbial community on the rings. The latter 
observations suggest that the functional efficiency of the microbial community in a biotrickling 
filter can be related to its composition. 
In Chapter 6, an efficient two-stage biotrickling filter was constructed for the simultaneous 
removal of a mixture of H2S and DMS. The first stage consisted of a biotrickling filter inoculated 
with Acidithiobacillus thiooxidans (ABF), operated at pH 1 – 2, and the second stage of the HBF 2 
biotrickling filter from Chapter 5, operated at pH 7. Maximal observed elimination capacities were 
83 g H2S m-3 h-1 (η > 99%) for the ABF and 58 g DMS m-3 h-1 (η = 88%) for the HBF 2. The HBF 
2 was rather sensitive to varying operational conditions, and a recovery period of a few days was 
usually required before a maximal removal efficiency was again obtained after perturbation. The 
ABF showed consistently high removal efficiencies (> 99%), also during or after varying 
operational conditions. The microbial communities in the biofilms of both reactors were very 
stable, and the species diversity in the ABF was very low. In the HBF 2, however, a diversity of 
bacteria developed in addition to the inoculum Hyphomicrobium VS. The microbial community 
composition in the circulating liquid was very different from that of the biofilm, limiting the 
usefulness of liquid sampling to determine microbiological parameters of the biofilm. 
Finally, 3 different inocula were compared for DMS removal (3 g m-3 h-1) in biotrickling filters in 
Chapter 7. The reactors were inoculated with Thiobacillus thioparus TK-m (THIO), sludge from 
a membrane bioreactor (HANDS) and the same sludge + Hyphomicrobium VS + T. thioparus TK-
m (HANDS++). The maximal ECs of the reactors ranged between 25 and 35 g m-3 h-1. The sludge 
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inocula enabled the fastest start-up of the reactor and were most efficient for the removal of the 
DMS under variable operating conditions (peak loadings, intermittent loading, decreasing pH). 
Adding extra DMS degrading strains to the sludge slightly improved reactor operation. A real-time 
PCR protocol was also developed to quantify the added strains in the reactors, with primers that 
were at least genus specific. The added strains were exclusively found in the inoculum suspensions 
in which they were added. Afterwards, however, both strains developed in the biofilm of all 3 
reactors, although T. thioparus attained higher cell densities than Hyphomicrobium VS. The 
presence of T. thioparus in THIO was positively related with the DMS loading rates that were 
applied. DGGE analysis of the biofilm microbial communities in the different reactors showed a 
stable microbial community during reactor operation, similarly as in the previous chapter. Real-
time PCR and DGGE both gave consistent results regarding the presence of the introduced strains 
in the reactors. Only real-time PCR could be used to detect bacterial populations comprising of 
less than 1.4% of the total bacterial community (~105 copies ring-1).   
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Biologische luchtzuiveringstechnieken worden al tientallen jaren gebruikt om geurverbindingen en 
vluchtige organische stoffen uit gasvormige emissies te verwijderen. Daarom is er een grote kennis 
aanwezig over de optimalisatie van dergelijke reactoren en over de biodegradeerbaarheid van 
vluchtige verbindingen in deze reactoren. Over de microbiële ecologie in deze systemen is echter 
minder bekend. Aangezien microorganismen de basis zijn van deze technologieën, zou een 
verbeterde kennis over de identiteit en rol er van, en over de microorganismen te manipuleren, het 
toepassingsgebied, de industriële aanvaarding en de algemene werking van deze systemen kunnen 
verbeteren. Recent werden moleculaire technieken ontwikkeld, wat mogelijkheden biedt om 
microorganismen te bestuderen die voorheen “onzichtbaar” waren bij het gebruik van cultivatie-
technieken. Het doel van dit proefschrift was om verschillende problemen te bestuderen die zich 
nog steeds voordoen bij de verwijdering van geurverbindingen uit gasvormige emissies, met de 
klemtoon op de microbiële aspecten van deze problemen. 
Het literatuuroverzicht in Hoofdstuk 1 toonde aan dat het onderzoek over de microbiële ecologie 
in biofilters en biowasfilters verschillende aspecten belichtte. In biofilters werden vooral de 
microorganismen bestudeerd die aanwezig zijn in het organische filter materiaal. In biowasfilters 
werd vooral onderzoek uitgevoerd naar de structuur, microbiële samenstelling en activiteit van de 
biofilm. Daarom werd voorgesteld dat meer onderzoek nodig was rond (i) de stabiliteit van 
microbiële ecosystemen in bioreactoren voor afvalgas behandeling en de invloed van operationele 
parameters hierop, (ii) de identificatie van microorganismen die geur verwijderen en de 
mogelijkheden om deze te manipuleren, en (iii) de optimalisatie van inoculatie strategieën. 
 
De eerste 3 hoofdstukken van dit werk beschreven de verwijdering van zowel medium tot hoge, 
als lage belastingen van geurverbindingen in compost biofilters. 
In Hoofdstuk 2 werd de biodegradatie van isobutanal (IBAL) onderzocht bij belastingen van 9 tot 
172 g m-3 h-1. Bij belastingen tot 33 g m-3 h-1 werd steeds bijna 100% verwijdering behaald. Indien 
de belasting verder steeg tot 63 à 79 g m-3 h-1 verminderde de verwijderingsefficiëntie (η) tot 62 – 
98%. Daarbij werd ook een pH daling en de productie van isobutanol en isoboterzuur 
waargenomen. De verwijderingsefficiëntie van isobutanal bij hoge belastingen werd gelimiteerd 
door nutriënten tekort, pH daling en  uitdroging, waarbij het relatief belang van iedere factor 
afhing van de influent concentratie. De lage pH veroorzaakte de productie en emissie van 
isobutanol, hoewel een zekere aanpassing aan deze lage pH voorkwam. De emissie van de 
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gevormde intermediairen in het effluent werd veroorzaakt door de lage biodegradeerbaarheid van 
deze componenten in het compost materiaal. 
In Hoofdstuk 3 werden zowel operationele als microbiële aspecten van H2S degradatie bij relatief 
hoge belastingen in een biofilter (4.1 – 30 g m-3 h-1) behandeld. De reactor verwijderde H2S 
efficiënt bij de hoogste belastingen (η > 93%), maar de verwijderingsefficiëntie daalde op lange 
termijn, waarschijnlijk door een verminderde substraat massatransfer, veroorzaakt door zwavel 
accumulatie, een hoog vochtgehalte en het samenplakken van compost. Denaturerende gradiënt gel 
elektroforese (DGGE) toonde aan dat belasting met H2S in een biofilter een daling in de diversiteit 
en “evenness” veroorzaakte, maar een hoge stabiliteit van de microbiële gemeenschappen, dit in 
tegenstelling tot in de controle biofilter. Sequenering van intense DGGE banden toonde aan dat 
Thiobacillus thioparus actief was m.b.t. de H2S afbraak in de biofilter. De dalende H2S 
verwijdering aan het einde van het experiment konden niet gerelateerd worden aan de onderzochte 
diversiteitsindices of aan de aanwezigheid van T. thioparus, wat bevestigde dat een verminderde 
massatransfer de oorzaak was van deze daling. De verminderde H2S degradatie in de biofilter viel 
ook samen met duidelijke verschillen in de samenstelling van de ammonium oxiderende bacteriën 
in de biofilter. Deze veranderingen deden zich echter ook voor in de controle biofilter, wat 
suggereerde dat een H2S belasting de “natuurlijke” evolutie van deze bacteriële populatie direct of 
indirect afremde. 
In Hoofdstuk 4 werd de invloed van lage belastingen van IBAL, limoneen (LIM) en dimethyl 
sulfide (DMS) onderzocht op de werking van een biofilter op lange termijn (9 maanden). IBAL 
werd doorgaans voor meer dan 90% verwijderd in het eerste deel (ingang) van biofilter, terwijl de 
LIM verwijdering over de 3 delen van de biofilter verspreid was. De DMS verwijdering vond 
vooral plaats in het derde deel (uitgang) van de biofilter. Later tijdens het experiment verplaatste 
de verwijdering van LIM zich meer en meer naar de uitgangszijde van de biofilter, en kon LIM in 
het effluent waargenomen worden. Hoewel inoculatie met Hyphomicrobium VS toegepast werd 
om de DMS verwijderingsefficiëntie te verhogen, werden slechts 12 dagen met > 90% 
verwijdering waargenomen. De microcosm testen toonden aan dat de degradatie-activiteit voor de 
verschillende polluenten in de biofilter meer steeg aan de uitgang in vergelijking met de ingang 
van de biofilter. Dit kon gerelateerd worden met de verwijderingsefficiënties in de biofilter in de 
meeste gevallen. De lage belastingen in de biofilter veroorzaakten ook een daling in het aantal 
heterotrofen, vooral aan de uitgangszijde van de reactor. De ammonium oxiderende bacteriën 
(AOB) waren talrijker in de secties met een lage eliminatie capaciteit, waarschijnlijk omdat hun 
affiniteit voor ammonium lager was dan deze van de heterotrofen. De dalende 
verwijderingsefficiënties, microbiële activiteit en aantallen bacteriën in de biofilter toonden aan 
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dat de dosering van lage belastingen aan polluenten de lange termijn stabiliteit van een biofilter 
kon beperken. 
 
De volgende 3 hoofdstukken beschreven verschillende aspecten van inoculatie om de verwijdering 
van gereduceerde zwavelhoudende verbindingen in biowasfilters te verbeteren.  
In Hoofdstuk 5 werden twee protocols vergeleken om Hyphomicrobium VS te inoculeren in een 
biowasfilter voor DMS verwijdering. Eén reactor (HBF 1) werd gepakt met ringen waarop 
Hyphomicrobium VS gegroeid was, door deze onder te dompelen in een nutriëntenmedium met het 
inoculum en DMS te doseren. De tweede reactor (HBF 2) werd ook gepakt met ringen, die 
ondergedompeld waren in nutriëntenmedium die continu voorzien werd van actief groeiend 
Hyphomicrobium VS, met methanol als koolstofbron. Na 30 dagen was de maximale DMS 
eliminatiecapaciteit (EC) van de HBF 1 7.2 g m-3 h-1 (η = 90%). Wanneer de belasting steeg boven 
15 g m-3 h-1 (200 ppmv) daalde de EC echter. De DMS verwijdering in HBF 2 was veel hoger, met 
een EC van 8.3 g m-3 h-1 (η = 90%) na 2 dagen en een maximale EC van 57 g m-3 h-1 (η = 92%). 
DGGE analyse toonde aan dat de microbiële gemeenschappen in de biofilm van beide reactoren 
sterk verschilden (Pearson correlatie 0%). Daarbij viel de daling van de EC in HBF 1 bij hogere 
belastingen samen met een sterke verandering in de samenstelling van de microbiële gemeenschap 
in de biofilm. Dit suggereert dat de functionele efficiëntie van de microbiële gemeenschap in een 
biotrickling filter kan gerelateerd worden aan zijn samenstelling.  
In Hoofdstuk 6 werd een efficiënte twee-traps biowasfilter ontworpen voor de gelijktijdige 
verwijdering van H2S en DMS. De eerste trap bestond uit een biowasfilter geïnoculeerd met 
Acidithiobacillus thioparus (pH 1 – 2) en de tweede trap uit de HBF 2 biowasfilter uit Hoofdstuk 5 
(pH 7). De maximale ECs bedroeg 83 g H2S m-3 h-1 (η = 100%) in de ABF en 58 g DMS m-3 h-1 (η 
= 88%) in de HBF 2. De DMS verwijdering in HBF 2 was eerder gevoelig aan een variabele 
procesvoering (piekbelastingen, dalende pH, geen belasting), en doorgaans een aantal dagen waren 
vereist om opnieuw maximale verwijderingsefficiënties te bereiken na een verstoring. De ABF 
toonde steeds hoge (> 99%) verwijderingsefficiënties, ook tijdens of na variërende 
procesomstandigheden. De microbiële gemeenschappen in de biofilm van de reactoren waren zeer 
stabiel onder de gegeven omstandigheden, maar de diversiteit in de ABF was laag. In de HBF 2 
lieten de omgevingsparameters echter de ontwikkeling van een diverse microbiële gemeenschap 
toe, naast het inoculum Hyphomicrobium VS. De microbiële gemeenschappen in de vloeistoffase 
en in de biofilm waren zeer verschillend, wat de toepasbaarheid van staalname van de vloeistoffase 
ter bepaling van de microbiële parameters in de biofilm beperkt.  
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In Hoofdstuk 7 werden tenslotte 3 verschillende inocula getest voor de verwijdering van DMS in 
een biowasfilter (belasting van ± 3 g m-3 h-1). De reactoren werden geïnoculeerd met Thiobacillus 
thioparus TK-m (THIO), slib uit een membraan bioreactor (HANDS) en hetzelfde slib + 
Hyphomicrobium VS + T. thioparus TK-m (HANDS++). De maximale ECs in de reactoren 
varieerden tussen 25 en 35 g m-3 h-1. De reactoren met het slib vertoonden de snelste opstart en 
waren het meest efficiënt voor de verwijdering van DMS bij variërende procesomstandigheden 
(piekbelasting, onderbroken belasting en lage pH). Het toevoegen van de twee extra DMS 
degraderende bacteriën in het slib had een klein maar positief effect op de DMS verwijdering. Een 
real-time PCR protocol werd ontwikkeld voor het kwantificeren van de toegevoegde bacteriën, 
met primers die op zijn minst genus-specifiek waren. Initieel werden de toegevoegde bacteriën 
enkel in de inoculum suspensie teruggevonden waaraan ze werden toegevoegd. Daarna werden 
beide bacteriën echter teruggevonden in de biofilm van de 3 biowasfilters, waarbij T. thioparus 
zich in grotere aantallen ontwikkelde dan Hyphomicrobium VS. De aanwezigheid van T. thioparus 
in THIO was positief gerelateerd met de DMS belasting die werd opgelegd. DGGE analyse van de 
microbiële gemeenschappen in de biofilm van de 3 reactoren toonde een stabiele microbiële 
gemeenschap tijdens de procesvoering, net zoals in het vorige hoofdstuk. Real-time PCR en 
DGGE analyse gaven vergelijkbare resultaten wat betreft de aanwezigheid van de geïntroduceerde 
bacteriën in de reactoren. Enkel real-time PCR kon echter gebruikt worden om populaties te 
detecteren die minder dan 1.4% van de totale bacteriële gemeenschap uitmaakten (~105 kopieën 
ring-1). 
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